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 和文概要 
本論文は、Yb3+添加セラミック材料を用いた実験的研究に関するものである。
研究内容として、3 種類の Yb3+添加セラミック材料の特性評価、バルク型媒質
を用いたモード同期実験、thin-disk 型媒質の作製と、それを用いた高出力連続
波(CW)発振実験および Kerrレンズモード同期(KLM)発振による高出力超短パル
ス発振実験を行った。モード同期により実現される超短パルスレーザーは、極
めて短いパルス幅と高いピークパワーを持ち、加工などの産業分野や、高次高
調波発生、非線形分光、高エネルギー物理学などの幅広い応用に用いられてい
る。中でも近年目覚ましい発展を遂げた Thin-disk レーザーは、高平均出力・短
パルス・高ビーム品質を兼ね備えた光源として注目を集めている。Thin-disk レ
ーザー用の媒質としてはこれまで Yb:YAG が独占的に用いられてきたが、これ
は熱伝導率や利得帯域幅など必ずしも理想的でない特性を持っていた。そのた
め thin-disk レーザーの更なる特性向上の為の新たな利得媒質の開発が望まれて
きた。本研究においてはこのような課題を解決できうる一つの選択肢として、
セラミックレーザー媒質を用いた thin-disk レーザーの研究に取り組んだ。セラ
ミックは単結晶と比べて機械的特性の向上や高濃度添加等の可能性があり、高
出力レーザー用媒質として重要な材料であるが、thin-disk 用のレーザー媒質と
してはこれまで広く研究はなされてこなかった。従って本研究ではセラミック
材料を用いた thin-disk レーザー媒質を作製し、高出力な超短パルスレーザー動
作を実証することで、その有用性を証明することを目的とした。またそのため
の付随する研究として、thin-diskレーザーにおける KLM共振器の設計を非線形
ABCD行列計算を用いて行った。 
本論文では神島化学工業(株)との共同研究にて開発した Yb:Lu3Al5O12 (LuAG)
セラミックと Yb:Lu2O3 セラミック、(株)ニコンとの共同研究にて開発した
Yb:CaF2-LaF3セラミックという 3種の材料を対象として研究を行った。 
Yb: LuAG セラミックと Yb:Lu2O3セラミックの 2 種は高い熱伝導率と高い破
壊靭性、高い利得を併せ持ち、高出力なレーザー媒質としての応用が期待され
る。本研究では 10 at.%添加 Yb:LuAG セラミックと 3 at.%添加 Yb:Lu2O3セラミ
ックの 2 つを用いて Thin-disk レーザー媒質を作製し、CW レーザー発振実験と
KLM レーザー発振実験を行った。結果 CW レーザー発振実験にて Yb:LuAG で
最高出力 200W、最大励起密度 5.9 kW/cm2, スロープ効率 55%、Yb:Lu2O3セラミ
ックで最大出力 176W、最大励起密度 5.5 kW/cm2, スロープ効率 53%をそれぞれ
達成した。これより本研究で開発した thin-disk 作製手法が十分に高い破壊しき
い値と再現性を達成できることが確認された。 
KLMレーザー発振実験においては Yb:LuAGで平均出力 16W, パルス幅 161 fs
を達成した。Yb:Lu2O3セラミックにおいては平均出力 3.7W、パルス幅 98 fs の
動作を実現した。また最短パルス幅 86 fsを得た。これはセラミック材料を用い
たモード同期レーザーとして世界最高の出力であり、単結晶を含めても同パル
ス幅以下の結果において世界で 2 番目の出力である。これにより本材料及びセ
ラミック材料の thin-disk レーザーとしての有用性が実証された。また共振器の
延長による更なるパワースケーリングの可能性を示した。 
Yb:CaF2-LaF3 セラミックは非常に広帯域な材料として知られる Yb:CaF2 をベ
ースにした材料であり、LaF3 を共添加する事により光学的特性の改善を行った。
Yb:CaF2は単結晶の状態だとその高い劈開性により thin diskレーザーに用いるの
は難しかった。セラミックはそれを構成する微結晶ごとの結晶軸がランダムで
劈開が生じないため、その問題を解決できる可能性がある。まずバルク形状の
同材料を用いた CW レーザー発振実験にて LaF3の添加濃度に依存したレーザー
発振効率の向上を確認し、最大 69%の高いスロープ効率を得た。また同材料を
用いた世界初のモード同期レーザー発振を実現し、パルス幅 190 fs、出力 300 
mW を得た。同材料を用いた thin-disk も作製し、CW レーザー発振動作を実証
した。 
セラミックレーザー媒質を用いたモード同期 thin-disk レーザー発振は世界で
2 例目の報告であり、特に Kerr レンズモード同期の実証は世界初であった。得
られた出力の特性は単結晶による世界最先端の光源と比べても劣らないもので
あり、これによりセラミック thin-disk の超短パルスレーザー光源への有用性が
実証された。 
  
 ABSTRACT  
In this thesis, high average output power ultrashort pulse lasers based on Yb3+-doped 
ceramic gain media have been studied. Ultrashort pulse laser realized by mode-locking 
techniques has an ultra-short pulse duration and high peak power, and it is used in a wide 
range of applications both of industry and fundamental science. Especially, thin-disk laser 
attracts great attention as a light source combining high average output, short pulse and 
high beam quality. Yb:Y3Al5O12 (YAG) has been exclusively used as a medium for thin-
disk lasers, but this has several disadvantage characteristics such as relatively low thermal 
conductivity and narrow gain bandwidth. Therefore, development of a new gain medium 
for further improvement of thin-disk laser has been demanded. As one of the new option, 
we have studied on thin-disk lasers using ceramic laser medium. Ceramic is an important 
material as a laser medium for high power lasers because of its improved mechanical 
properties and possibility of high doping concentration compared with single crystal, but 
it has not been widely researched as a thin-disk laser. Therefore, in this study, I aimed to 
prove its potential for the high-output power ultrashort pulse laser operation. 
In this study, three ceramics, Yb:Lu3Al5O12 (LuAG) ceramic, Yb:Lu2O3 ceramic, and 
Yb:CaF2-LaF3 ceramic was studied. Yb: LuAG ceramic has high thermal conductivity, 
high fracture toughness, high gain, and is expected to be applied as a high power laser 
medium. The CW laser oscillation and KLM laser oscillation experiment using 10at.%-
doped Yb:LuAG ceramic thin-disk were conducted. As a result, CW laser achieved 
maximum output power of 200 W, maximum pump density of 5.9 kW/cm2, and a slope 
efficiency of 55%. In the KLM laser experiment, the average output power of 16 W with 
the pulse duration of 161 fs was demonstrated. This is the highest output power as a mode-
locked laser using a ceramic material. Yb: Lu2O3 has high thermal conductivity and a 
relatively broad fluorescence bandwidth and is useful as a gain medium for ultrashort 
pulses. CW laser oscillation and KLM laser experiment using 3at.%-doped Yb: Lu2O3 
ceramic thin-disk were carried out. With CW laser oscillation, the maximum output 
power of 176 W, maximum pump density of 5.5 kW/cm2, and the slope efficiency of 53% 
was demonstrated. In the KLM experiment, the operation with the average output of 3.7 
W and the pulse duration of 98 fs was realized.  Yb:CaF2-LaF3 ceramic is a material based 
on Yb: CaF2 known as a very broad band material, and optical properties are improved 
by co-doping of LaF3. First, I confirmed the improvement of the laser oscillation 
efficiency depending on LaF3 doping concentration by CW laser oscillation experiment 
with the bulk, and obtained high slope efficiency up to 69%. Moreover, I realized the first 
mode-locked laser oscillation using the same material and obtained a pulse duration 190 
fs and output 300 mW. Thin-disks using the same material were also fabricated and CW 
laser operation was demonstrated. 
The presented mode-locked thin-disk laser using a ceramic laser gain media is the 
second report in the world, and the demonstration of Kerr-lens mode-locked ceramic thin-
disk laser was the first report in particular. The characteristics of the output obtained are 
almost even to those of the world's most advanced light source based on single crystals, 
which demonstrated the usefulness of ceramic thin-disk for ultrashort pulse laser light 
sources.  
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 Introduction 
Since its first report in 1960 [1], lasers have been studied and applied in various fields 
due to their useful properties to the present day. Laser oscillation scheme can be roughly 
divided into two types. One is a continuous wave (CW) oscillation laser that always 
outputs light of constant intensity independent on time, and another is a pulsed laser that 
emits intense light for short time duration at constant intervals. Especially, a laser that 
uses the mode-locking technology to equalize the phases between the longitudinal modes 
of the laser can realize a pulse duration as short as ps (10-12) to fs (10-15). These are called 
“ultrashort pulse laser”, and due to its short pulse duration and high peak output, they are 
widely used in non-thermal micro-machining [2], high-field physics [3], and many other 
applications in the field of basic science. 
The history of mode-locked lasers is surprisingly old. In 1964, the word “mode-locking” 
was used to refer to the coupling phenomenon of longitudinal modes in He-Ne laser [4]. 
In mode-locking using a solid state media, active mode-locking has been realized with 
ruby laser in 1965 [5] and Nd: YAG laser in 1966 [6], and mode-locking using saturable 
absorber (dye) has also been realized at the same time [7]. After that, the development of 
dye laser at 1970s [8] give us deep understanding of mode-locking [9]. 
Titanium sapphire (Ti3+:Al2O3) laser, realized in 1982 [10] (reported in 1986) for the 
first time, has broad spectral bandwidth and superior thermal and mechanical properties, 
it became the leading role of mode-locked laser. Especially, in combination with Kerr 
lens mode-locking (KLM) [11, 12] realized in 1991, the Ti:sapphire laser became an 
innovative light source that enables access to an ultrafast time range of several fs [13]. 
However, the Ti:sapphire laser has several disadvantage such as difficulty to directly 
pumped by laser diode (LD), the device tends to become large size, and the low gain. 
These limits to high power/highly efficient operation, therefore it is unsuitable for a wide 
range of applications such as industrial applications. 
Yb3+-doped solid state gain media are actively studied now as a high power ultrashort 
pulse laser source [14]. The Yb-doped material has pump wavelength band from 940 nm 
to 980 nm and high intensity pumping is possible with general InGaAs LD. Also, since 
the oscillation wavelength (~ 1030 nm) of the laser is close to the pump wavelength, the 
quantum loss is as low as 4-8 %, and heat generation in the medium is small. From this, 
Yb-doped solid-state lasers are currently used in a wide range of applications as the ultra-
short pulse laser with the highest average output power with low cost and high reliability. 
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The limit of power scaling of ultrashort pulse laser is mainly given by thermal 
distortion, optical damage or nonlinear optical effect etc. Several methods were devised 
to avoid it. As one option to solve this, the concept of “thin-disk laser” using Yb-doped 
medium was invented in 1994 [15]. The thin-disk laser is a concept that suppresses the 
influence of thermo-optic effect by thinning the gain medium and cooling it 
homogeneously from the back side. In 2000, the world's first mode-locked thin-disk laser 
using semiconductor saturable absorber (SESAM) [16] were reported [17] with a pulse 
duration of 730 fs with an output power of 16 W. In 2011, the first KLM thin-disk laser 
was reported [18], and significant short pulse duration of 200 fs was realized. 
So far, Yb: YAG has been exclusively used as a medium for Thin-disk lasers, but this 
has several disadvantage characteristics such as relatively low thermal conductivity and 
narrow gain bandwidth. Therefore, development of a new gain medium for further 
improvement of thin-disk laser has been demanded. As one of the new option, we have 
studied on the thin-disk laser using ceramic laser medium. Ceramic is an important 
material as a laser medium for high power lasers because of its improved mechanical 
properties and possibility of high doping concentration compared with single crystal, but 
it has not been widely researched as a thin-disk laser. Therefore, in this study, I aimed to 
prove its potential for the high-output power ultrashort pulse laser operation. 
1.1 State-of-the-art ultrashort pulse thin-disk laser 
Here, the reports of state-of-the-art mode-locked thin-disk lasers were summarized. To 
date, average output power of 270 W with pulse duration of 330 fs [19] and 275 W, 583 
fs output [20] have been obtained by SESAM-ML and KLM, respectively. In the short 
pulse region, a pulse duration of 140 fs with 155 W output power is reported [21]. In the 
field of pulse energy scaling, high pulse energy of 80 J are realized [22]. In addition, the 
power in the cavity has also been used, and peak power of 2 GW in the cavity is also 
realized [23]. 
Figure 1.1 summarizes the results of mode-locked thin-disk lasers so far. As can be 
seen from this figure, there is a strong trade-off relationship between average output 
power and pulse duration. Although mode-locked thin-disk lasers have made remarkable 
progress, still sub-100 fs, over-10 W region was not achieved mostly. In order to reach 
this region, alternative broadband materials that replace to Yb:YAG, such as  Yb-doped 
sesquioxide [24, 25], double tungstate [26, 27], and CaAlGO4 (CALGO) [28] have been 
studied. As a remarkable results, a SESAM-ML Yb:LuScO3 thin-disk laser with 5W, 96 
fs output [29], and SESAM-ML Yb:CALGO thin-disk laser  with 5.2 W, 62 fs output 
[30]were reported. One of the restrictions was that these reports used SESAM as mode-
locker. As another direction of pulse shortening, research on KLM lasers using deep 
modulation depth and broadband dispersion compensation elements has advanced in 
recent years. A pulse duration of 49 fs has been achieved by using KLM Yb: YAG thin-
disk laser in 2015 [31].In 2016, the first KLM Yb:Lu2O3 thin-disk laser was reported[32], 
and in 2017, KLM using the same material realized the shortest pulse width of 35 fs (1.6 
W) and 10.8 W, 88 fs operation [33]. Furthermore, the shortest pulse duration of 30 fs for 
all thin-disk laser oscillator using Yb: CALGO was reported in 2018 [34]. Except for our 
results, all reports used single crystal thin-disks. 
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Figure 1.1. Summary of state-of-the-art mode-locked thin-disk lasers. 
As a CW laser, the average output power of 6.5 kW [35] and 20 kW [36] with a single 
disk and multi-disk were reported, respectively. 
Thin-disk laser is excellent as an ultrashort pulse laser amplifier, and pulse energy of 
200 mJ with an average output power of 1kW was demonstrated [37]. Nonlinear spectral 
broadening in the thin-disk multi-pass amplification cavity was also demonstrated and 
the average output power of 400 W, pulse energy of 2mJ, and 136 fs pulse duration was 
reported [38]. 
1.2 Outline 
This thesis mainly focuses on the testing and development of novel new ceramic gain 
media for high-power ultrashort pulse lasers. Especially, gain media which are suitable 
for thin-disk geometry lasers is studied. The three of materials, Yb:Lu3Al5O12 ceramic, 
Yb:Lu2O3 ceramic, and Yb:CaF2-LaF3 ceramic were studied.  
Chapter 2 describes the basics of the gain medium. Various characteristics of the gain 
medium and its measurement, desirable characteristics as a gain medium for ultrashort 
pulse laser and its comparison are described. 
Chapter 3 describes the basic theory of mode-locking. It describes the theory of mode 
locking, various modulators, and instability. 
Chapter 4 describes the concept of thin-disk lasers. It describes the basics of thin-disk, 
thermal analysis, and power scaling of that. The design and analysis of the KLM thin-
disk cavity are also described. Author analyzes mode change in the cavity by using ray 
transfer matrix. Various optical elements in the cavity are also described. 
Chapter 5 describes the experimental results of Yb:LuAG ceramic and Yb:Lu2O3 
ceramic laser, especially thin-disk laser. Measurement of thermal, optical properties, 
mode-locking using bulk material, CW laser oscillation and KLM laser oscillation using 
thin-disk medium are described. 
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Chapter 6 describes the experimental results of Yb:CaF2-LaF3 ceramic laser. 
Measurement of thermal and optical characteristics, CW laser oscillation experiment 
using samples of different doping concentrations, mode locking experiment, and CW 
laser experiment using thin-disk are described. 
Chapter 7 describes a summary and outlook. 
Since the experiments of each material were conducted in parallel, the order of the 
experiments and the order of the description are different. 
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 Laser gain medium 
2.1 Laser gain medium 
The Laser is mainly contained two factors, the gain medium and the cavity. The light 
emitted from the pumped gain medium is resonated by the cavity, occurring the 
stimulated emissions and the laser is emitted from the one of mirrors in the cavity. Of 
course, the laser medium is one of the biggest factors determining the characteristics of 
the output laser and needs to be selected appropriately according to the desired laser. The 
main requirement factors for laser light source are an output power level, the wavelength, 
and beam quality. Additionally, there are many ways for oscillations such as continuous 
wave (CW), pulsed laser, or single shot. In regard to the pulse laser, there are many 
additional important characteristics such as the pulse duration, the pulse shape, and the 
repetition rate. 
Various materials such as gas, liquid, and solid are used for the laser medium. A solid 
state laser is the most effective option that can achieve both high output power and high 
beam quality. In the solid state laser, the laser medium is composed of dopant ions and a 
host material (Fig 2.1).  
 
Figure 2.1. Dopant ions and Host materials for laser gain media. 
The dopant ion plays a role of absorbing and emitting light as electric dipole, and the 
host material has a role of fixing and holding dopant ions at a uniform density on the 
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space. Besides, there are so-called stoichiometric media which the crystal lattice of the 
host metal itself contains rare-earth ions such as YbAG (Yb3Al5O12) [39], but it is not 
widely used due to concentration quenching problems. 
The optical, thermal and mechanical properties of the laser medium are strongly 
influenced not only by the dopant ions but also by the host material. In addition, important 
factors in application are also influenced by the host material, such as the manufacturing 
time, cost, manufacturable size and shape. Therefore, constantly searching for and 
evaluating new materials that can be used for laser medium is very important for 
broadening the options of future laser applications. 
2.2 Dopant ions 
As dopant ions for solid state lasers, there are mainly two major groups of ions, transition 
metal ions and lanthanide ions (rare earth ions). Actinide ions can also be used as dopant 
ions, but they have not widely studied due to its radioactivity [40]. The major difference 
between the transition metal ion and the lanthanide ion is in the line width, generally the 
former has a broad absorption/emission spectrum, and the latter has a thin multiple peak 
of the spectrum corresponding to the each energy transition. In high power laser 
applications, two ions of Nd and Yb are commonly used. Yb is more dominant especially 
in high power ultrashort pulse applications due to its advantageous properties. 
 Yb3+-ion 
Yb is one of the lanthanide atom with the atomic number of 70. This atom can be divalent 
(Yb2+) and trivalent (Yb3+) ions. Trivalent Yb-ion is promising for high power laser gain 
medium with highly efficient operation due to its unique energy level scheme. Figure 2.2 
shows the energy level of Yb:YAG as an example [41]. It has only two energy levels: 
2F5/2 and 
2F7/2 and each level consists three and four Stark sub-levels, respectively. The 
energy level scheme leads to the small quantum defect e.g. ≈ 8% when the pump 
wavelength and the laser wavelength are 940 nm and 1030 nm, respectively. The absence 
of other energy levels prevents the harmful process for the laser operation such as the 
excited state absorption (ESA) and parasitic thermal-load. Another advantage of Yb-ion 
is that it has broad absorption/emission line width as compared with Nd-ion due to the 
electron-phonon coupling [42]. 
The backlash of its simple energy level structure is reabsorption effect. It makes the 
Yb-doped medium to require a high-brightness pump source such as laser diode. 
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Figure 2.2. Energy level structure of Yb3+:YAG [41]. 
2.3 Host materials 
The characteristics of solid state laser are determined by not only dopant ion, but also the 
crystal structure of the host material. Physical properties characterizing the laser gain 
medium are not only the optical properties but also various properties e.g. thermal 
properties, mechanical properties, as well as fabrication cost, feasible shape and size, 
which are important in application. All of these physical properties are greatly influenced 
by the host material of the laser medium. Therefore, so many host materials have been 
tested [43]. 
Conventionally, single crystals and glasses have been mainly used as a host material 
in solid-state laser gain media. A single crystal is literally composed of one crystal and 
its crystal axis does not change at any position in the medium. As the fabrication method 
for single crystal, Czhochralski (CZ) method [44] or FZ method [45] are common. 
Although the basic properties as a host material are good, it takes a lot of time to fabricate, 
and the enable size is limited to about several centimeters, and difficult to make large-
size materials or mass-production. In addition, it is difficult to fabricate homogeneous 
crystals with such method using melted material. As a result, the doping concentration 
and refractive index distribution may become inhomogeneous.  
On the other hand, since glass can be produced with large-diameter materials cheaply, 
glass has been mainly used for large aperture laser materials. The glass gain media have 
an advantage that a broad gain bandwidth by inhomogeneous broadening, however it has 
large disadvantages that thermal characteristics and mechanical properties are worse than 
that of a single crystal.  
The ceramic material handled in this study can overcome the disadvantages of both 
single crystal and glass and is a very excellent material showing optical characteristics 
comparable to that of single crystal. 
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2.4 Ceramic gain medium 
 History 
Ceramic has been considered difficult to increase transparency in its history. For the first 
application of the translucent ceramics, the Al2O3 ceramics were used as a lamp [46], but 
the scattering is very large, never reached the full transparent which can be used for laser 
and other optical applications. Surprisingly, oscillation of Dy2+:CaF2 ceramic laser was 
reported for the first time in 1966 [47], and then oscillation of Nd:Y2O3 ceramic laser was 
reported by cold pressing method in 1973 [48]. However, the scattering was still high, so 
it was considered impossible to fabricate a laser medium from ceramics with the same 
quality as a single crystal. 
The development of modern ceramic lasers in recent years began with the report of 
Nd: YAG ceramic fabricated by hot pressing method or solid-state reaction method by 
Ikesue et al in 1995 [49]. Following this report, our laboratory succeeded in developing 
Nd3+:YAG ceramic laser by nano-size microcrystal manufacturing technology and 
vacuum sintering technology in collaboration with Konoshima Chemical Co., Ltd. in 
1998 [50]. In 2004, it has been demonstrated that it shows better performance than single 
crystal [51], and ceramic lasers are widely used all over the world. 
In the field of ultrashort pulse lasers, the pulse duration of 53 fs with average output 
power of 1W was demonstrated by ceramic bulk laser [52]. In the field of thin-disk laser, 
the highest output CW laser was based on ceramic Yb:YAG thin-disk and 6.5 kW was 
demonstrated [35]. The regenerative amplifier based on Yb:Y2O3 ceramic with output 
pulse energy of 0.2 mW with pulse duration of 800 fs was also demonstrated [53]. Best 
of our knowledge, this is the only report of amplifier based on ceramic thin-disk laser so 
far. 
 Loss nature of transparent ceramics 
Ceramic gain medium has several scattering mechanisms not found in a single crystal 
[54]. Figure 2.3 shows the loss natures of ceramics. In the figure, (1) is surface defect 
induced scattering, (2) is pore on the inside microcrystal or grain boundary, (3) is defect 
or reflective index on grain boundary, and (4) secondary phase of microcrystal. The 
occurrence of these defects strongly depends on the ceramic manufacturing method. 
Therefore, in order to reduce the pore which is the cause of the main internal scattering, 
it is necessary for the microcrystals to grow sufficiently and the packing density should 
be close to 100% in order to prepare the ceramic with sufficiently small scattering loss. 
In addition, although the microcrystals constituting the ceramic are single crystals, the 
crystal orientation of the ceramic is random. Therefore, in the case of optically anisotropic 
materials, the refractive index of one direction differs from grain to grain, so it is difficult 
to prepare laser ceramic medium unless it is an optically isotropic material. In recent years 
several methods for solving this have been studied such as strong magnetic field 
alignment [55] or finer grain size ceramics [56]. 
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Figure 2.3. Loss nature of transparent ceramics. 
 Fabrication of transparent ceramics 
The ceramic we used are fabricated by precursor nanoparticle fabrication process and 
non-reactive vacuum sintering method [57] developed by Konoshima chemical co. The 
differences between our method and former methods are uniformity of the size of each 
precursor nanoparticle. In the conventional method, densification and grain growth rate 
are controlled by sintering aid e.g. SiO2 and sintering conditions, and pores are discharged 
through grain boundaries by grain growth. However, in the manufacture of ordinary 
precursor material powders and ceramics using the mechanical forming method, uniform 
packing of raw material particles is impossible. Therefore, even in transparent ceramics, 
pores of several 100 vol. ppm or more remain with conventional method, and it is difficult 
to obtain a polycrystalline body with the same optical quality as a single crystal. For 
example, Ikesue et al. reported that at least 150 vol. ppm of pores were present inside Nd-
doped YAG ceramics obtained by vacuum sintering method in 1999 [58]. In contrast, our 
fabrication method enabled the fabrication of the ceramic with high optical quality. 
Because the powder of the raw material is prepared by the chemically synthesis, obtaining 
the very uniform and fine size (~20 nm) of nanoparticles is possible. Konoshima 
Chemical also employs the vacuum sintering process which leads to the self-energy 
(surface tension) driven growth of the Nd:YAG crystals. Consequently, the fabrication 
the transparent ceramic with high optical qualities has been realized. In 2005, it was 
reported that the scattering loss level of Konoshima ceramics is lower than single crystal 
Nd: YAG single crystal and ceramics [59]. 
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2.5 Characteristics and measurements 
 Absorption spectrum 
In the field of laser science, cross section values, indirectly representing the probability 
of absorption or emission of each atom are used. The virtual cross sectional area of the 
atom at the lower level is called the absorption cross section and the cross sectional area 
of the atom at the upper level is called the stimulated emission cross section. These 
absorption and emission cross sections has dependency on the incident light wavelength, 
it is possible to draw a spectrum with the vertical axis as the cross sectional area and the 
horizontal axis as the wavelength. These are called absorption and fluorescence spectrum, 
and represents the most important characteristics for the laser medium. Since the 
absorption and fluorescence spectrum greatly depend on the crystal field in the medium, 
it is unique not only to the dopant ion but also to the host material. 
Here, let light be incident on a transparent material with length l (cm) and absorption 
coefficient (cm-1). The intensity I' of the output light through the material is expressed 
as follows. 
 ))(exp(' lII   (2.1) 
Here, if the transmittance is defined as T = I'/I, the absorption coefficient of the sample 
is as follows. 
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where, N is Number of dopant ions per unit volume in host material, calculated as 
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(2.4) 
where, C (at.%) is doping concentration of ions, M (g) is molecular weight, (g/cm3) 
is mass density, NA is Avogadro constant, and is  substitution ratio. 
The absorption cross section spectrum is generally obtained by passing a broad light 
such as a lamp through a medium and measuring the output with a spectrometer. The 
absorption spectrum is important for the selection of the most efficient pump wavelength 
as the laser medium. Generally, broad bandwidth and large absorption cross section is 
suitable for efficient pumping. 
 Fluorescent spectrum 
The fluorescent spectrum is also called as emission spectra. To measure this, Fuchtbauer-
Ladenburg method was used in this study [60]. It is not difficult to determine the shape 
of the fluorescence spectrum itself. However, direct measurement of the absolute value 
of the fluorescence intensity is practically difficult because the fluorescence emitted in all 
directions. Therefore, in many cases, the Fuchtbauer-Ladenburg method is used to derive 
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the absolute value of emission cross section. In this method, if the spectral shape and 
relaxation time (fluorescence lifetime) can be measured, a emission cross section 
depending on the wavelength can be derived therefrom.  
An emission cross section emi is calculated by Fuchtbauer-Ladenburg method as 
follow. 
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Where,  is the fluorescent lifetime, I() is the intensity with wavelength dependency 
and  is transition ratio. In the case of Yb, 1  . 
To measure the emission spectrum, the sample was pumped by properly wavelength 
which can obtain the desired transition and the spontaneous emission was corrected and 
measured by spectrometer. In this study, measurements were carried out on powdered 
samples in order to suppress the influence of reabsorption in the crystal. 
This emission cross section shows a wavelength where the laser can get gain and the 
broader the spectrum is more suitable for the generation of ultrashort pulses. Also, the 
absolute value of the emission cross section is also important as it determines the 
magnitude of gain per unit length. 
 Fluorescent lifetime 
The fluorescence lifetime is defined as the time span until the number of excited atoms at 
upper level becomes 1/e times.  
The time-dependent upper state ions N2(t) is expressed as follows 
 )exp()0()( 22

t
NtN 
 
(2.6) 
Where, N2(0) is initial amount of upper state ions,  is fluorescent lifetime. 
Fluorescence lifetime can be measured by irradiating pulsed pump light in the same 
experimental setup as fluorescence cross section. 
 Thermal conductivity 
The thermal conductivity is an physical quantity indicating the ease of heat transfer of the 
material and is one of important characteristics in the solid state laser material. For 
substances such as glass and stone, its thermal conductivity is relatively low, it is difficult 
to cool, but heat is very easy to be transmitted by a substance having a high thermal 
conductivity like a metal. 
In the laser gain medium, the high thermal conductivity is important because how 
quickly the heat generated by the excitation can be discharged during laser operation is 
related to the performance and limitation of high power laser operation. 
The thermal conductivity is defined as follows. 
   pCKmWK )/(  (2.7) 
 12  Shotaro Kitajima –May 2019 
Where,  (m2/s) is thermal defusivity, Cp (J/gK) is specific heat capacity,  (g/m3) is 
mass density. The thermal diffusivity expresses the speed to reach thermal equilibrium 
when thermal fluctuation is applied to a substance. The specific heat capacity represents 
the amount of energy required to raise the temperature of unit mass substrate by 1 K. 
In this study, thermal conductivity was calculated by measuring the sample thermal 
diffusivity and specific heat capacity by a method called flash method [61]. Figure 2.4 
shows a schematic of the flash method. The sample is instantaneously uniformly heated 
by the pulsed heat source from the back surface, and the one-dimensional thermal 
diffusion from the bottom surface to the top surface occurs. This diffusion was observed 
as the transient varying of the surface temperature, whereby the specific heat Cp and the 
thermal diffusivity  obtained. The equipment used in this study is LFA 447 NanoFlash 
(NETZSCH) using a xenon lamp as a heat light source. Figure 2.5 shows the temperature 
rising curve of the sample surface observed by the flash  method. 
      
Figure 2.4. Schematic of flash method.   
 
 Figure 2.5. Temperature rising curve of flash method. 
From the temperature rise curve, the thermal diffusivity  is calculated as follows. 
 
2/1
2
2 1388.0)/(
t
l
scm 
 
(2.8) 
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Where, l (cm) is thickness of sample, t1/2 is a time to reach half the maximum 
temperature.  Equation (2.8) is an adiabatic model that does not assume the heat released 
from the side surface of sample. Therefore, when the sample is too thick (> 1 mm), an 
error occurs. The measurement of the specific heat capacity in the flash method is 
obtained by measuring and comparing a reference sample with known thermal diffusivity, 
thermal conductivity and specific heat capacity at the same time. 
When measuring the thermal conductivity of a transparent sample, it is necessary to 
completely evaporate the pulse heat by depositing gold on both sides of the sample and 
then spraying the carbon coat to protect the detector from pulsed light. The gold deposited 
layer should be as thin and as uniform as possible to minimize the heat propagation time. 
However, when the pulsed light passes through the sample, it leads to breakage of the IR 
detector, It is necessary (~ 100 nm) in thickness. 
Since the measurement of the specific heat capacity using the flash method has low 
accuracy, in this study, the differential scanning calorimetry (DSC) method [62] was also 
used. The mass density was measured by an Archimedes method. 
 Mechanical properties 
As the mechanical properties for laser gain media, the micro-hardness and fracture 
toughness was often used. We used a Vickers hardness test with micro-hardness methods 
(indentation and sclerometry) [63]. The fracture toughness was experimentally 
determined from the linear sizes of radial cracks. 
The micro-hardness H and fracture toughness K1C were described as equations (2.9), 
(2.10), respectively.  
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(2.10) 
where K is the shape factor of indenter (=1.854), P is the indenter load, d is the indentation 
diagonal, E is Young’s modulus, and C 3/2 is the linear size of radial crack. 
Using the above thermal conductivity, fracture toughness, Young's modulus and 
Poisson's ratio, so-called “heat shock parameter” can be calculated. The heat shock 
parameter shows how much resistance to destruction caused by thermal load in the laser 
medium and calculated as follow. 
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(2.11) 
Where, k is thermal conductivity, T is maximal tension the material can resist,  is 
the thermal expansion coefficient E is the Young's modulus, and  is the Poisson ratio. 
Here, is in a proportional relationship with RT. Since Young's modulus or Poisson's 
ratio are unknown in many laser materials, simple comparison is difficult, but it is known 
that ceramics have high fracture toughness as compared with single crystal, so that heat 
shock parameters are correspondingly large [64]. 
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2.6 Laser gain media for ultrashort pulse laser 
The most important characteristic of gain media for ultrashort pulse laser 
oscillator/amplifier is the fluorescence bandwidth. Since the shortest pulse duration 
obtained by the mode-locked laser is largely determined by the bandwidth of the 
fluorescence spectrum, a broader fluorescence bandwidth is required to obtain shorter 
pulses. However, in an actual laser, the width of the fluorescence spectrum does not 
correspond directly to the pulse duration, and it overcome the limit defined by the 
fluorescence spectrum by using a mode-locking method with a large modulation depth 
such as  Kerr-lens mode-locking technique. For example, Torizuka et al. reported the 
mode-locked laser based on Yb:YAG, which is not a broadband material, with oscillation 
spectrum of 40 nm and achieve a pulse width as short as 35 fs [65]. Even in such a case, 
a wide band material is advantageous because it requires less modulation depth. Also, as 
the gain per cavity roundtrip is large, oscillation with high efficiency can be achieved 
accordingly, so the value of the stimulated emission cross section is also important. 
The thermal conductivity of the medium is important for high power laser medium. 
Since the laser constantly generates heat when oscillating as described above, it is 
desirable for the laser medium to have a high thermal conductivity for its efficient heat 
dissipation. Also, from the viewpoint of suppressing the influence when the temperature 
rises, the thermo-optical coefficient dn/dT and the heat shock parameter expressed from 
the mechanical strength and the thermal expansion coefficient are also important. 
Table 4.1 shows the several important characteristics of attractive laser media currently 
used for ultrashort pulse laser. Looking at the fluorescence bandwidth, two disordered 
materials, Yb:CaF2 and Yb:CALGO, are superior. But Yb:CaF2 has low thermal 
conductivities in the case of doping and low mechanical toughness. Yb:CALGO also has 
low thermal conductivity, and this material is difficult to fabricate with high optical 
quality. Therefore, although these two materials can realize sub-50 fs pulse duration, it is 
difficult to achieve high output power. Yb: KGW is one of crystal families called double 
tungstate, which is characterized by a relatively broad fluorescence bandwidth and high 
gain. But the thermal conductivity is quite low. Yb:LuAG has high thremal conductivity 
even high doping concentration and high gain, it is suitable for high power operation. But 
since the gain band width is narrow as 6.1 nm, it is not good for sub 100 fs pulse duration. 
Yb:Lu2O3 has very high thermal conductivity and middle bandwidth, it has a potential to 
realize the short pulse duration and high output in a well-balanced condition. As described 
above, each material has advantages and disadvantages in its characteristics, so it is the 
best way to select materials according to the demanded properties of the laser. 
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Table 2.1 Important characteristics of attractive gain materials for ultrashort pulse 
laser. 
Gain media Yb:YAG Yb:LuAG Yb:Lu2O3 Yb:CaF2 Yb:KGW Yb:CALGO 
 (nm) 9 6.1 13 80 ~20 ~80 
emi,l (10-20cm-
1) 
2.0 2.5 1.26 0.20 2.8 0.75 
 (ms) 0.96 1.02 0.87 2.4 0.243 0.42 
k  (W/mK) 14 8.9 12.8 9.7 ~3.3 6.6 
 [66] our data [67] [68] [69] [70] 
where,  is FWHM of fluorescent spectrum, emi,l is emission cross section at lasing 
wavelength,Fluorescence lifetime, k is Thermal conductivity at non-dope condition.  
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 Basics of Mode-Locking 
3.1 Optical pulse 
Optical pulse or especially ultrafast optical pulse is an optical electric field whose 
intensity is modulated by a pulse-like envelope as shown in Fig. 3.1 (a). Since the 
intensity of the optical electric field is obtained by the square of the envelope amplitude, 
the intensity distribution of the optical pulse is as shown in the Fig 3.1(b). Such optical 
pulses are generally obtained by mode-locking and generated at a constant repetition rate. 
 
Figure 3.1. Schematics of optical pulse. 
The optical electric field E(t) of the optical pulse is expressed by the classical 
electromagnetism in each of the time domain and the frequency domain as follows. 
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where, 0 is center frequency, Φ(t) is time depending phase shift. 
Here, A(t) is the amplitude envelope of the optical electric field, and the optical pulse 
obtained by mode-locking has the sech2 shape envelope which is one of the solutions of 
the nonlinear Schrödinger equation (3.3). 
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(3.3) 
As is well known, the time axis and the frequency axis have the Fourier conjugate 
relationship, and neither time nor frequency domain can be narrowed at the same time. 
Broadly speaking, generally between the pulse duration and the bandwidth of the 
spectrum has following relationship. 
   /1  (3.4) 
From this, it can be said that a broader spectrum is necessary to obtain narrower pulse 
duration. However, the phase relationship between the longitudinal modes is involved in 
the formation of the pulse besides the bandwidth of the spectrum, so that the pulse 
waveform and the pulse duration cannot be uniquely determined with respect to the given 
spectrum (In extreme cases, pulses may not be formed). 
A pulse that has the shortest achievable pulse duration obtained from a given spectrum 
distribution is called a Fourier transform limited pulse, or simply transform limited pulse 
(TLP), and the relation between the pulse duration and the spectrum bandwidth for TLP 
is given as follows. 
 K   (3.5) 
where the K is a constant depend on the pulse envelope shape. As an example, 0.441K   
for the Gaussian pulse and 0.315K  for sech2-shape pulse. The parameter     is 
called the time-bandwidth product (TBP), representing how close the pulse is the Fourier 
limit. 
From the above, in order to obtain an optical pulse with a shorter pulse duration, 
following two points are important 
 
I. The pulse have broad spectrum bandwidth. 
II. The phase relationship between each longitudinal mode is synchronized 
(locked). 
 
The method of generating optical pulses by locking the phase relationships between 
each longitudinal mode is called mode-locking. In order to obtain mode-locking in an 
actual laser cavity, it is necessary that the optical pulse maintains the same shape when it 
through roundtrip of the cavity. Such a pulse is called a soliton pulse, and the mode-
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locking method in which laser pulse forms a soliton pulse is called soliton mode-locking 
or quasi-soliton mode-locking.  
3.2 Soliton mode-locking 
Soliton is a self-reinforcing solitary wave pulse that maintains its shape during the 
propagation. In the field of optics, it is obtained as the solution of the non-linear 
Schrodinger equation. In this section, I discuss about the important elements for obtaining 
a soliton pulse, and basic equation describing the behavior of propagation of optical 
soliton pulse, Haus’ master equation. 
 Self-phase modulation 
The optical Kerr effect causes a Kerr-lensing effect in the perpendicular plane to the 
optical axis and causes self-focusing, but at the same time it causes a change in the 
refractive index also in the propagation direction of the optical axis. The refractive index 
depending on optical intensity I(t) is described as follows. 
 0 2( ) ( )n I n n I t   (3.6) 
where, n0 is ordinary refractive index of material, n2 is intensity dependent constant of 
refractive index and called as nonlinear refractive index. 
By differentiating the equation (3.6) with respect to time, the following equation is 
obtained. 
 2
( )dn I dI
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(3.7) 
The phase modulation resulting from this refractive index change is 
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(3.8) 
This phase modulation caused by optical Kerr effect is called self-phase modulation 
(SPM). The optical electric field frequency in the pulse is modulated by SPM as follows. 
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(3.9) 
where, the part of  corresponds to modulation of frequency. Figure 3.2 shows the 
intensity distribution of the optical pulse and the corresponding frequency modulation by 
SPM.  
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Figure 3.2. Self-phase modulation of sech2-shape pulse. 
As a result, the optical pulse has different frequencies at the front and bottom edges of 
the pulse. Such a frequency distribution within a pulse is called as “chirp”, and a pulse 
with chirp has a longer pulse duration than the Fourier transform limit. Figure 3.3 shows 
the example of “chirped” pulse by SPM. 
 
Figure 3.3. SPM-induced chirping of pulse. 
In addition, this phase modulation produces a new spectral component in the frequency 
space, and as a result the spectrum of the laser broadens. This contributes to the mode-
locked laser having a broad spectrum, generating a short pulse duration. 
The effect of SPM is expressed on the nonlinear Schrödinger equation as follows.  
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Where,  is SPM coefficient and defined as follows. 
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(3.11) 
Where, L is cavity entire length, w is beam diameter, l is nonlinear medium length, weff 
is effective beam diameter in the medium. The right side of equation assumes that there 
is only a few nonlinear medium inside the cavity. When there is strong nonlinearity in the 
entire cavity such as a fiber laser, it cannot be simplified like this. 
 Dispersion 
In Eq. (3.2), Taylor expansion of  with  is expressed as  
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When it is substituted, the optical electric field E(t) is expressed as follows. 
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(3.13) 
In the exponent component, we can see that the first term is a constant, the second term 
is the parallel shift of the pulse, and the third and higher terms cause the shape change of 
the pulse. In the Eq. (3.13), the second term d/d is called group delay or group velocity 
dispersion (GVD), the third term d2/d is called group delay dispersion (GDD), and the 
fourth term and higher term is called high order dispersion (HOD). 
When both GDD and HOD become 0, all the phases of the longitudinal mode are 
synchronized, and the shortest pulse can be obtained (Fourier limited pulse). Therefore, 
to control the GDD and HOD of the pulse is important. Generally, the influence of HOD 
is sufficiently small compared to GDD and can be ignored. In the solid state laser cavity, 
the GDD is primarily given by the material dispersion and intentionally inserted 
dispersion elements (High dispersive mirror, prism pair). 
In the nonlinear Schrödinger equation, the GDD and HOD are given as follows. 
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 Haus master-equation 
To combine the former equations (3.10) and (3.14), following nonlinear Schrödinger 
equation under the slowly varying envelope approximation can obtain. 
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(3.15) 
Requiring steady-state equation (3.15) can be solved analytically and the unchipped, 
fundamental sech-shape soliton Eq. (3.3) can obtain in the case of D2 < 0. 
From this equation, the relationship between the pulse duration  of the Fourier 
transform limit pulse and the soliton pulse energy Epulse is given as follows. 
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(3.16) 
Thus, in order to obtain shorter pulse duration, it can be obtained by increasing the , 
increasing the pulse energy, and increasing the GDD, but the limit is given by instability 
such as multi-pulsing. 
To add the various effects in the cavity to Equation (3.15), the equation describing the 
behavior of the soliton pulse in the mode-locked laser cavity is as follows. This Equation 
is called Haus master-equation of mode-locking, first introduced by Haus et al. [22]. 
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Where, e, TR is the cavity round-trip time, 
2 2
, / 1/g f g fD g    is the gain and 
intracavity filter dispersion. 
g and f  are the HWHM gain and filter bandwidth, and q 
is saturable loss modulation, respectively. By using this equation and numerical 
simulation called split-step Fourier method [71], pulse behavior of the pulse in the cavity 
can be calculated. 
3.3 Modulator 
The resonance frequency of the longitudinal mode of the laser cavity is arranged at same 
intervals (c/2L) corresponding to the cavity length. 
A mode with the positive net-gain can oscillate, and in the case of a laser with a 
sufficiently wide gain bandwidth, a plurality of longitudinal modes can oscillate at the 
same time. In practice, however, the intervals between these longitudinal modes are not 
perfectly aligned due to dispersion, nonlinear effect, and so on, and their relative phase 
relationships are also random. As a result, the output does not form pulses but becomes 
like noise. Here, when loss or gain modulation with a moderation frequency 
corresponding to the ideal mode interval c/2L is added in the cavity, ± c/2L sideband is 
generated for each longitudinal modes. Since the frequency of this side band is almost 
equal to the frequency of the nearest neighbor longitudinal mode, energy transfer occurs, 
and the modes are aligned. When this phenomenon occurs for all of sidebands, the phase 
relation and the frequency interval of all modes are locked, and mode-locking is realized. 
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Active and passive systems are mainly used as methods of modulation, mode-locking 
using the former method is called active mode-locking, and the latter is called passive 
mode-locking. For active mode-locking, an acousto-optic modulator (AOM) or an 
electro-optic modulator (EOM) is generally used as an element for modulating the cavity. 
In active mod-locking, the achievable pulse duration is determined by the response speed 
of modulation. Therefore, when AOM or EOM is used, the pulse duration is determined 
by the low response speed of modulator. Therefore, it is difficult to realize a fs-scale pulse 
duration. In order to obtain pulse duration of 1 ps or less, passive mode-locking is used. 
Figure 3.4 shows a schematic of the laser cavity for passive mode-locking. 
 
Figure 3.4. Schematic of the laser cavity for passive mode-locking. 
In passive mode locking, by using an optical element having strong nonlinearity, loss/gain 
modulation spontaneously according to the instantaneous intensity of the pulse is occur, 
achieving the mode-locking. Since the pulse reciprocates in the cavity at the same cycle 
as the repetition frequency, the modulation frequency caused by the pulse itself is 
corresponding to the resonator length automatically. This automatically reflects even 
small fluctuations of the cavity length, so that there is no need for feedback of the cavity 
length as in active mode-locking to obtain the stable pulse train. Passive mode locking 
does not require external signals, and modulation occurs according to the optical pulse 
itself, so the response speed is fast. A specific methods of passive mode-locking are 
introduced below. 
 SESAM mode-locking 
The most commonly used nonlinear element used for passive mode locking for the fs-
scale mode-locking is a saturable absorber. The saturable absorber has a property that the 
transmittance of light becomes higher as the intensity of incident light is higher, realizing 
mode-locking by applying loss modulation in the cavity. As a typical saturable absorber, 
there are a dye or solid materials, but these have limitations on the response speed. Today, 
a semiconductor saturable absorber mirror (SESAM) was widely used as saturable 
absorber [16]. Characteristics of SESAM can be widely controlled in the manufacturing 
process and it can be used in a wide wavelength range from the visible region to the mid-
infrared region. Figure 3.5 shows a schematic of SESAM. 
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Figure 3.5. Schematic of SESAM. 
SESAM consists of a reflective layer by a Bragg mirror, an absorption layer with a 
single quantum well, a surface reflection layer, and a passivation layer on the top. SESAM 
uses the absorption transition of electrons due to incidence of light in the absorption layer. 
When the intensity of incident light is weak (CW or low intensity part of pulse), 
absorption saturation does not occur and acts as a just absorber. When high intensity light 
(pulse) enters, all enable electrons are excited to the conduction band and saturation of 
absorption occurs. After saturation of absorption is relaxed by thermalization (60-300 fs), 
it behaves in the same way as weak incident light intensity. Therefore, the Q-factor of the 
cavity increases only for high intensity light, obtaining the mode-locking. To represent 
the performance of SESAM, Absorption ( nsRRA  ), unsaturation loss ( nsR ), 
modulation depth ( R ), and saturation fluence (
AsatF , ) are used. The saturation fluence 
indicates the incident light energy density at which the saturation occurs. The modulation 
depth represents the increase in the reflectance by saturation of the SESAM. At present, 
it is possible to produce 120~10, AsatF μJ/cm
2, 50 ~ 0.3 = R % respectively. However, 
deeper modulation depths tend to have larger unsaturation absorption losses. This gives 
a limit to the modulation depth obtained by SESAM. In recent years, carbon nanotubes 
(CNTs) and graphene as saturable absorbers have also been reported [72, 73]. When these 
are used as saturable absorbers, the recovery time is faster than SESAM, but a very large 
absorption loss occurs and the damage threshold is also low, so there is a drawback that 
laser output and efficiency are limited. These nano-carbon based saturable absorbers are 
currently mainly used for mode locking of fiber lasers. 
 Kerr-lens mode-locking 
Kerr lens mode-locking (KLM) is a method to realize mode-locking by using the self-
focusing effect caused by Kerr lens effect in the nonlinear media [74]. KLM can make 
short pulses beyond the gain bandwidth by using deep and instantaneous modulation 
compared with SESAM-ML. 
 
When the sufficiently high intensity light enters the nonlinear material, its refractive 
index n is changed as follows.  
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 Innn 20   (3.18) 
where, 2n is nonlinear refractive index. The refractive index was varies in proportion to 
the intensity I. This is called the optical Kerr effect. When a high-intensity Gaussian beam 
is incident on a medium, the refractive index of the medium becomes a lens-like 
distribution due to this optical Kerr effect, and self-focusing occurs. KLM has two kinds 
of methods called hard aperture KLM and soft aperture KLM. Fig. 3.6 shows both method 
of KLM. 
 
Figure 3.6. Schematic of KLM. (a) Hard aperture KLM, (b) Soft aperture KLM.  
In the hard aperture KLM, pinholes and slits are inserted in the cavity in order to give 
different losses to light of high intensity (light pulse) and others (CW). Another method, 
Soft Aperture KLM, utilizes the profile of the pump light in the gain medium to cause 
gain modulation. Therefore, in the soft aperture KLM, the beam diameter of the pump 
light is very important. In the case of thin-disk laser, since the gain medium and KM are 
separated, the difficulty level of design is lowered. The hard aperture and soft aperture 
can be used in combination. 
The dioptric power (inverse focal length) of the Kerr lens in the sagittal plane is given 
as follows. 
 
1 2
2
4
s s t
n d P
f
  
 
 
(3.19) 
Where, d is thickness of the medium, P is pulse peak power, ,s t   are mode radius of 
Gaussian beam in sagittal and tangential plane, respectively. 
 
There are several advantages for KLM compare with SESAM-ML. It is (1) a large 
modulation depth, (2) no unsaturated absorption loss, (3) a fast response speed, and (4) a 
high damage threshold. As a result, KLM can expect much shorter pulses and higher 
output than SESAM-ML. On the other hand, disadvantages include (1) the need for 
precise cavity design and alignment, (2) the need to use the edge of the stable region, and 
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(3) not to self-start. In some cases, KLM is used in combination with SESAM, in which 
case SESAM has the role of initiating mode-locking automatically, and KLM is used in 
a role to generate deep the modulation depth [18]. Although Kerr lensing is a phenomenon 
occurring in KM, in order to produce modulation and to obtain KLM, it is necessary to 
properly design the entire cavity. Therefore, it can be said that the KLM is a mode-locking 
method in which the entire cavity acts as an SA. The cavity design of KLM will be 
described later. 
3.4  Mode-locking instabilities 
 Q-switch mode-locking 
The Q switch instability [75] becomes a big problem in mode-locking. Mode-locking 
includes CW mode-locking (CW-ML) and Q-switch mode-locking (QS-ML) with 
modulation (Fig. 3.7). This phenomenon occurs because the saturable absorber is 
saturated earlier than saturation of the gain medium. The pulse frequency of each Q-
switch mode-locking pulses is roughly about kHz. Q switch mode-locking is an 
undesirable phenomenon such as damaging of optics due to its strong peak intensity, and 
it is a problem that must be eliminated in considering many applications. 
 
   
Figure 3.7. Schematic of Q-switch instability.  
In SESAM-ML, the conditions which Q-switch mode locking is suppressed and CW 
mode locking can be obtained are shown in equation (3.20) [75]. 
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(3.20) 
Where 
gaineffA , is effective beam area in the gain medium, AsatF , is saturation fluence of 
SESAM, 
AeffA , is effective beam area at SESAM, and R  is moderation depth of SESAM. 
When 
cpp EE , , CW-ML can obtain, when cpp EE , , QS-ML occur. 
Although the above discussion is a based on slow saturable absorber such as SESAM, 
QS-ML is also confirmed in fast SA like KLM [76]. This is thought to be a phenomenon 
like relaxation oscillation. 
CW mode 
locking 
Q-switch mode 
locking 
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 Multi-pulsing 
The numerical analysis of multi-pulsing based on Haus master equation was studied by 
Kalashinikov et al. [77]. Figure 3.8 shows the schematic of relationship between GDD 
and multi-pulsing as well as pulse duration. According from this paper, the occurrence of 
multi pulsing was strongly depended on the intracavity GDD of roundtrip. The nature of 
the multi-pulsing is defined by the interplay between the gain and loss saturation in the 
combination with spectral filtering. The revealed causes of multiple-pulsing allow the 
suppression of multi-pulsing. These are reduction of the pump power, decreasing of the 
gain relaxation time, and increasing of the modulation depth, the output loss, or the gain 
saturation. All of these methods can extend of the single-pulse stability zone on GDD 
parameter to short pulse direction. However, this region tends to decrease the stability of 
KLM operation, and self-starting ability. Applying this with our laser, the optimization 
of the modulation depth by the KLM cavity, the increase of the gain, the reduction of the 
loss in the cavity are effective ways to prevent multi-pulses. 
 
Figure 3.8. Schematic of relationship between GDD and multi-pulsing. 
Figure 3.9 shows the example of multi-pulse operation output. (a) shows the oscillation 
spectrum, (b) and (c) show the pulse train with double pulse regime and super-multi-pulse 
operation. In the case of (a), the two pulses were located at a short distance corresponding 
to the fringe spacing The super-multi-pulse state like (c) was often seen when the power 
in the cavity was too high in KLM thin-disk laser. 
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Figure 3.9. Example of multi-pulsing instability.
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 Thin-disk laser 
4.1 Concept of thin-disk laser 
To increase the output power of laser, temperature distribution in the gain medium 
becomes major issue. The laser using stimulated emission necessary generates heat in the 
medium as much as it responds to the quantum defect. The temperature distribution 
caused by the heat generation not only changes the refractive index of the medium 
(thermal lens) but also generate an inner mechanical stress distribution in the medium, 
causing heat-induced birefringence and destruction of the medium. Therefore, it is 
important to (1) reduce the heat generation inside the laser medium, (2) suppress the rise 
of temperature, and (3) moderate the gradient of the temperature distribution. As for (1), 
as mentioned above, Yb3+-ion is very excellent because it has high Stokes efficiency and 
since it has only two-energy levels, there are few relaxation processes that generate a lot 
of heat like non-radiative transition. (2) and (3) are determined by not only the physical 
properties of the gain material but also the shape of the medium and the cooling geometry. 
Considering the efficiency of cooling, the surface-volume ratio of the medium is 
important [78]. Here, I assume a rod-like medium with a radius r and length l. The surface 
volume ratio S/V of the medium is as follows 
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(4.1) 
Assuming that 2V r l is constant, there are two limit conditions with which the S/V 
have a maximum value. One is , 0r l  , and another is 0,r l  (Fig. 4.1). The 
former results a disk shape medium and the latter results a fiber shape medium. These 
two shapes are the main types of high power laser today. Fiber laser uses side cooling, 
and thin-disk laser uses back surface cooling. 
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Figure 4.1. Concept of S/V ratio scaling. 
There is another big factor regarding thin-disk laser. This is a method of applying HR 
coating on the back side of the disk and reflecting the laser light (sometime this method 
called active-mirror [79]). This enables direct cooling from the back side, achieving 
efficient and uniform cooling. Figure 4.2 shows the concept of thin-disk laser and the 
photo of the thin disk we used in this study. 
   
Figure 4.2. (a) Schematic of thin-disk laser concept, (b) out thin disk. 
Although fiber lasers are advantageous for high average power, on the other hand, in the 
case of high peak power and/or high pulse energy, the high nonlinear optical effect gives 
a limit before the heat issue. Studies on increasing the mode-area in the fiber have also 
been conducted [80], but this will kill the advantage of the cooling performance inherent 
in the fiber, causing problems such as transverse mode instability [81]. 
On the other hand, thin-disk can scales significantly by enlarging the beam diameter, 
both high average power and high pulse energy are achievable. Particularly with regard 
to pulse energy and peak power, it is possible to achieve high values which are impossible 
with fiber lasers. Furthermore, since it is possible to use a wide range of materials as 
compared with fiber, desirable materials can be selected according to properties. One 
weak point is that the gain in the parallel direction is very large compared to the vertical 
direction of the surface, so the amplified spontaneous emission (ASE) and parasitic 
oscillation in the parallel direction tend to occur. This limits the low repetition and high 
 30  Shotaro Kitajima –May 2019 
pulse energy case. For suppression of ASE, a method called ASE-cap [82] and a method 
to chamfer edges have been attempted. Compared to a large laser facility using Ti: 
sapphire amplifier, it is inferior in pulse duration and peak power, it is greatly superior in 
repetition rate and average output power. 
Due to those suitable characteristics, thin-disk lasers are currently used in various 
applications. One of the major fields of application is material processing and machining. 
A micro-machining [2], non-thermal machining and nonlinear absorption utilized 
machining [83] have been achieved by high power thin-disk lasers. In the field of 
fundamental science, it is used as a versatile pump source. For example, thin-disk laser 
has been used to high harmonic generation (HHG) obtained by focusing a thin-disk laser 
on a gas jet [84, 85]. This technique can generate XUV and soft X-ray light source at 
MHz repetition rate and is used for diffraction imaging or various physical property 
measurements. Since the generation of atto-second pulses using HHG has been 
extensively studied [86], the application of thin-disk laser to this field is also expected in 
the future. Furthermore, various applications are developed utilizing its characteristics 
such as generation of few-cycle mid-IR pulses by OPCPA [86] and generation of high 
power THz using optical rectification effect [87].  
 Pumping scheme 
Since the thin disk absorbs a small amount of the light per pass, it is necessary to pass 
through the pump light multiple times in order to sufficiently absorb the pump light. 
Figure 4.3 shows the schematic of multi-pass pumping scheme. 
 
Figure 4.3. Schematic of multi-pass pumping module for thin-disk laser. 
In recent years, the pump method using parabolic mirror and two pairs of tilted prism 
mirrors [88,89] is commonly used. In this research, we use a similar type multi-pass pump 
module made by IFSW [90]. 
In this study, I use thin-disks with a thickness of about 100 m to 150 m, therefore it 
is necessary to use a large number of passes. Consider the case where Yb:YAG thin disk 
is pumped at 940 nm as an example. Since the absorption coefficient of 10 at.%-doped 
Yb: YAG at 940 nm is about 12 cm-1, net-length of 3.8 mm is necessary to absorb above 
99%. If the thickness is assumed to be 150 m, the number of passes of 26 passes or more 
is required. However, since there are reflection losses at disk and mirrors, 24 passes is a 
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sufficient number. Actually, since Yb-laser is quasi-3 level, absorption efficiency changes 
according to the state of laser oscillation. 
In recent years, multi-pass modules with very large number of passes such as the 72-
passes or more have also been developed to pump the material which has low absorption 
efficiency such as Ho-doped medium [91]. A fiber-couple LD is mainly used as the pump 
source. Since the beam diameter on the gain medium is large, high brightness pump 
source isn’t required for a thin-disk laser, and a kW class pump source can be obtained at 
relatively low cost.  
 Heatsink and glueing 
Thin-disk is used with the back side glued onto the heat sink. For the material of the heat 
sink, good thermal conductivity and matched thermal expansion coefficient is required. 
Currently, CuW and diamond are mainly used as heatsink. CuW has a thermal expansion 
coefficient close to that of YAG. Although diamond is expensive, but because of its 
overwhelming high thermal conductivity, it is currently used mostly for kW level thin-
disk lasers. Contacting between the disk and heatsink is also an important factor. 
Although solder was used before, it is not currently used because it has low thermal 
durability and is easy to cause thermal distortion in the wavefront of the disk during 
pumping. At present, bonding by adhesive is mainstream. There is a weak point that the 
adhesive generally has a lower thermal conductivity compared with a solder, but since 
the adhesive layer can be thinner to the order of 100 nm, weak points can be overcome. 
Details of the gluing method used in this research are described in 6.5.2. 
4.2 Thermal analysis of thin-disk laser 
 Temperature distribution calcuration 
I analysed the temperature distribution inside the disk during lasing by the finite element 
method (FEM) using COMSOL. The parameters used for the analysis are summarized in 
Table 3.2. 
 
Table 4.1 Configuration of disk temperature distribution calculation.  
Pump diameter 2 mm 
Disk thickness 150 m 
Disk thermal conductivity 13.9 W/mK 
HR layer thickness 7.5 m 
HR layer thermal conductivity 2 W/mK 
Adhesive layer thickness 1 m 
Adhesive thermal conductivity 0.5 W/mK 
Water temperature 22 ˚C 
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Figure 4.4 shows the calculated temperature distribution of Yb: Lu2O3 ceramic thin-
disk when the pump intensity is changed from 50 W to 350 W. In this calculation, it is 
assumed that the heat load is uniquely determined by the pump light intensity and Stokes 
efficiency, and the pump density is assumed to be uniform in the entire pump region. This 
assumption is valid when laser oscillation is sufficiently efficient and disk is sufficiently 
thin. 
From the results, it is found that the maximum temperature rises to 79 ˚C at 350 W 
pumping, the temperature distribution is almost uniform in the xy-plane in the pump 
region, and the temperature gradient exists only in the z axis direction. In addition, it can 
be seen that the temperature distribution in the heatsink is substantially uniform, and a 
large thermal barrier is generated in the bonding layer. 
 
Figure 4.4. Temperature distribution of thin-disk laser when the pump intensity was 
changed. 
The following section shows the results when each parameter is changed. 
 Disk material 
The calculation result when changing the material of disk from Yb: Lu2O3 ceramic (13.9 
W/mK) to YAG (7 W/mK) is shown in Fig. 4.5. The temperature of YAG rises to 104 ° 
C, and when compared the variation of temperature ΔT, it is found that the Yb:YAG has 
1.4 times larger temperature rising. The threshold of thermal destruction relates not only 
temperature rising, but also mechanical properties and thermal expansion coefficient. 
Therefore, it cannot be said unconditionally, but at least it can be understood that the 
maximum temperature rising can be suppressed with Yb:Lu2O3 ceramic. 
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Figure 4.5. Temperature distribution of thin-disk laser when the material was 
changed. 
 Adhesive thickness 
The calculation result when changing the thickness of adhesive layer from 1 m to 100 
nm is shown in Fig. 4.6. In this calculation, thermal conductivity of disk was set to 8 
W/mK. As can be seen, when thickness is less than 500 nm, there is almost no change in 
temperature distribution and maximum temperature regardless of thickness. This is 
because the HR layer becomes dominant as a thermal barrier rather than the adhesive 
layer. In order to obtain a sufficiently thin adhesive layer like this simulation, the viscosity 
of the adhesive needs to be sufficiently low. Details of the adhesive used in this study are 
given in the section 6.4.2. 
 
Figure 4.6. Temperature distribution of thin-disk laser when the thickness of 
adhesive layer was changed. 
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 HR layer thermal conductivity 
The calculation result when changing the thermal conductivity of HR layer from 2 to 5 
W/mK is shown in Fig. 4.7. It is difficult to thin the HR layer from the viewpoint of 
maintaining the reflection characteristics of the coating. Since the thermal conductivity 
depends on the physical properties of the dielectric material pair used for the thin film, a 
certain improvement can be made by changing the material [92]. From the results, it can 
be seen that the improvement of the thermal conductivity of the HR layer has a greater 
effect than the thinning of the adhesive layer. 
 
Figure 4.7. Temperature distribution of thin-disk laser when the thermal conductivity 
of HR layer was changed. 
Further, since the thermal barrier of the adhesive layer and the HR layer is large, the 
change of the material of the heatsink does not obtain a great influence on the mitigation 
of the temperature distribution. 
4.3 Thermal effect of thin disk 
Based on the result of the above temperature distribution calculation, the actual influence 
on laser oscillation is investigated in this section. As mentioned above, thin disks are less 
likely to generate lateral heat distribution, but the effect of heat cannot be ignored at high 
power region. 
The optical path length difference generated by thermal effects to the laser light 
passing through the thin disk is expressed as follows [93]. 
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(4.2) 
where, t is thickness of the disk, r is radius vector, n0 is the refractive index at the initial 
temperature T0, dn/dT is the thermo-optical coefficient, Δns is the change in refractive 
index due to strain, εz is the strain in the z direction (optical axis), and z0 is the 
displacement of the HR side of the disk. The terms mentioned in Eq. (4.2) indicate the 
temperature induced reflective index change (thermal lensing), strain-induced 
birefringence (thermal birefringence), axial strain gradient (thermal expansion), and 
deformation effects (thermal bending), respectively. Details of thermal lensing and 
thermal bending are shown below. Actually, the effect of thermal bending is very large, 
but other thermal effects are negligibly small. 
 Thermal lensing  
The refractive index of the medium changes depending on the temperature according to 
the thermo-optical coefficient dn/dT. When the temperature distribution has circular 
gradient, the medium has a refractive index distribution like a concave or convex lens, 
which is called thermal lensing effect. Figure 4.8 shows the OPD due to the thermal 
lensing effect, calculated from the heat distribution in section 4.2.1 and the first term in 
equation (4.2). OPD has super Gaussian like profile according to heat distribution. The 
larger pump intensity, the larger peak value of the OPD occurs. However, as can be seen 
from the figure, there is only a difference of several nm in the region of the laser mode 
diameter (0.8 times of the pumping diameter). This is because a thin disk having a mode 
diameter sufficiently larger than the thickness can achieve a one-dimensional temperature 
distribution. 
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Figure 4.8. OPD induced by temperature distribution in the thin disk. 
 Thermal bending 
It was found that the thermal lens effect is negligible, but there is another thermal effect 
in the thin-disk which is thermal bending of disk (Fig. 4.9). This occurs because the disk 
and the heat sink have a bowl-shaped heat distribution during pumping, so deformation 
due to expansion occurs in the convex direction. The thinner medium tends to bend more 
due to stress, so thermal-bending effect is more significant than thermal lens effect, 
resulting in the curvature of disk changing in convex direction. Since the total amount of 
heat generation in the medium varies with pump power and oscillation efficiency, when 
designing the resonator, it is necessary to first set the excitation power and design 
according to the curvature. However, it is also important to have a certain allowable range. 
Especially when the disk has almost flat with slightly convex shape in a static state, it 
changes from concave to convex. In actual cavity design, the change in the radius of 
curvature only causes a shift of the stable zone in the distance between CM1 and CM2, 
so it can be compensated by changing this distance (see Section 5.3.2). However, when 
the radius of curvature becomes sufficiently small, the stability condition of the cavity 
changes greatly, and the beam diameter at each position also changes greatly, becomes 
unstable. 
Quantitatively evaluating the bending effect is difficult because it includes an adhesive 
layer, but some simulations and measurements are being done [94, 95]. 
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Figure 4.9. Schematic of thermal-bending. 
 Surface shape measurement 
As described above, since the thin disk is deformed by heat, it is important to measure its 
surface shape and feed back to the cavity design. Particularly, in the reflection type disk 
laser, influence of the surface shape is larger than transmission type one. In general, thin 
disks have spherical surface shapes in a static state due to the stress generated at 
deposition of thin film coating and gluing. Therefore, the thin disk operates as a convex 
mirror or a concave mirror having a specific radius of curvature. If the surface shape is 
not spherical, astigmatism or diffraction loss occurs. In this study, Michelson 
interferometer and Fourier transform method [96] were used to measure the surface shape 
of the disk. 
The setup of the Michelson interferometer in this study is shown in the figure 4.10. 
For the reference light, a 1061 nm fiber-coupled LD close to a laser wavelength was used. 
First of all, a Michelson interferometer is constructed, and interference fringes between 
the reference mirror with a surface accuracy of /10 and a thin disk is measured. At this 
time, it is important to tilt the reference mirror obliquely to separate the interference fringe 
from the origin on the spatial spectrum plane. As a result, it is possible to obtain a surface 
shape from which the influence of noise is removed. From the obtained interference 
fringes, the surface shape is extracted using the Fourier transform method. 
 
Figure 4.10. Michelson interferometer for surface shape measurement. 
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Figure 4.11. Example of surface shape measurement of a thin disk. 
Figure 4.11 (a) shows the examples of interference fringes obtained by Mickelson 
interferometer. The interference fringes are processed by Fourier transformation, the 
components shifted to the center in the Fourier space, inverse Fourier transformation was 
performed, and then wrapped phase profile (b) was obtained. Since the phase profile 
obtained here is in” wrapped,” it is necessary to join 0 and 2π of the phase plane to each 
other. Such operation is called “phase unwrapping”. The wave front with phase 
unwrapping is shown in the figure 4.11 (c). After that, I perform fitting using Zernike 
polynomials. The Zernike polynomial can express the optical wavefront separately from 
each aberration component. Excluding the piston term and the tilt term after fitting, the 
original surface shape of the thin disk can be obtained (Fig. 4.11 (d)). In this study, low-
order terms of Zernike polynomials are used for fitting. Oscillation in the basic mode of 
thin disk is difficult when the components of higher order term are large. These 
measurements should be performed for each disk, and this should be reflected in the 
cavity design.  
4.4 Cavity Design 
This section discusses specific cavity design methods, especially KLM cavity design and 
optical elements to be used. The calculation of ABCD matrix method [97, 98] is used to 
analyze the mode radius and stability in the cavity. In designing the KLM cavity, ABCD 
matrix calculation which has dependence on the laser intensity is required. 
What is discussed in this calculation is only for geometric, i.e. spatial cavity design. In 
designing an actual mode-locked laser cavity, temporal and frequency cavity design is 
also important. This mainly refers to optimization of balancing of SPM and GDD. (see 
Chapter 3.2) 
 ABCD matrix calculation 
To analyze and design of laser cavity, so-called ABCD matrix of ray-transfer matrix was 
widely used. When the fundamental Gaussian beam which has the position of rn, and 
angle against optical axis rn’ was through the arbitrary optics, the output beam position  
rn+1 and angle rn+1’ are described as  
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Where the matrix [ A B , C D ] is ray-transfer matrix of the optics. Table 5.1 shows 
the summary of ray-transfer matrices of several basic optics. The strong point of this 
method is that ABCD matrices of a plurality of optical elements as a whole can be 
calculated by multiplication of individual matrices. The whole propagation matrix M of 
the cavity which contain n optical elements is described as 
 𝑀 = 𝑀1 ∙ 𝑀2 ∙ … ∙ 𝑀𝑛−1 ∙ 𝑀𝑛 (4.4) 
In addition, by using a q-parameter defined as  
 
1
𝑞
=
1
𝑅
−
𝑖𝜆
𝜋𝜔𝑛
 (4.5) 
(R: wavefront curvature of beam, λ: wavelength, n: refractive index, : beam-radius), 
the ABCD matrix was used as 
 𝑞′ =  
𝐴𝑞 + 𝐵
𝐶𝑞 + 𝐷
 (4.6) 
where the q’ is output q-parameter. When the cavity has a roundtrip matrix of M = [ A B , 
C D], the condition having the eigen solution of the Gaussian beam at this resonator is q' 
= q, which means that the q-parameter does not change before and after round trip of the 
cavity. Such condition is called a self-consistent and described as   
 𝑞 =  
𝐴𝑞 + 𝐵
𝐶𝑞 + 𝐷
 (4.7) 
Sloving Equition (5.5) for q, the condition is described as 
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Where, 
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Comparing with the Equation (4.5) and (4.8), the condition which the beam has finite 
radius and propagates is   
 1
2
D A

 
(4.10) 
This equation is called stability condition.   
At this time, the radius of the beam at each point in the cavity is described as follows 
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From the above, by obtaining the matrix of roundtrip at each point in the cavity, the 
beam radius of each point can be calculated from each elements of the matrix. 
 
Table 4.2 ABCD matrices of fundamental optical elements [99] 
Parallel plate with thickness d 
1
0 1
d 
 
    
Thin lens with the focal length f 
1 0
1
1
f
 
 
 
    
Interfaces of media with different 
refractive indices n1 and n2 
1
2
1 0
0
n
n
 
 
 
    
Concave mirror with the ROC R 
1 0
1
1
R
 
 
 
   
 
 Nonlinear ABCD matrix calculation 
If you considering the Kerr lensing effect in the above calculations, ABCD matrix 
representing a Kerr medium becomes dependent on beam radius  and intracavity peak 
power Ppeak. The ABCD matrix of the Kerr medium accounting the power dependency in 
this case is described as follows [100]. 
 
1
cos sin
sin cos
K
t t
M
t t
 

  
 
 
 
     
(4.12) 
where, 
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(4.13) 
Here, I is intracavity fluence, n0’ is a refractive index accounting the power 
dependency, n0 is static refractive index, n2 is nonlinear refractive index, and  is beam 
radius. If the beam radius are different between sagittal and tangential plane, it was 
replaced as 2
t s  . t is thickness of the Kerr media, but in the calculation, Kerr media 
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is caught as a series of many slices, it becomes the length of that step. In this calculation, 
we use some assumption such as Taylor expansion of Gaussian mode.  
To calculate the beam radius accounting the Kerr effect, I used the iterative numerical 
calculation. At first, I calculated the CW cavity mode radius from static ABCD matrix. 
By using this value, the mode radius during high power situation, which means that it was 
affected by Kerr lensing, was calculated. Again I calculated the mode radius by iterative 
calculation until the difference of radius between before and after calculation was 
sufficiently small, or it became unstable. 
4.5 Actual calculation of  KLM laser cavity 
In the whole experiment of KLM with both of bulk and thin-disk media shape was based 
on the so-called Z-shape cavity. Fig 4.12 shows the schematic of Z-shape cavity. 
 
Figure 4.12. Z-shape cavity. 
Plane mirrors and prisms sometimes enter in the cavity, but they can be ignored since 
their ABCD matrices are just identity matrix. In the case of thin-disk, the thin-disk as 
concave or convex mirror is added in the model, but fundamentally, these can calculate 
by almost same model. In the ABCD matrix calculation, a mirror with some ROC can be 
represented as a thin lens. Figure 4.13 shows the simplified model of the cavity by using 
thin-lens model as concave mirror. In the case of a linear cavity, it is noted that the ABCD 
matrix must be calculated both forward and backward direction.  
 
Figure 4.13. Model of Z-shape cavity. 
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For example, Here I show the actual calculation of KLM Yb:Lu2O3 thin-disk laser step 
by step. The assumption of the model was summarized in Table 5.2.  
 
Table 4.3. Configuration of ABCD matrix calculation. 
L1a 900 mm 
L1b 900 mm 
L2 and L3 varied 
Disk curvature 5 m 
ROC of CM1 and CM2 500 mm 
Tilted angle of CM1 and CM2 2˚ 
KM YAG, n= 1.81, t=2mm 
L4 400 mm 
Peak power 37 MW 
 
Even when designing the KLM cavity, it is necessary to calculate first the stable region 
of the CW laser cavity. In the actual design, the ROC of CM1, CM2 is determined at first, 
and the approximate value of L2 + L3 is calculated accordingly. In practice, however, this 
stable region is shifted by the ratio of the length of two arms, L1 and L4. Therefore, in 
order to obtain the stability zone of the cavity, a stable zone map based on Equation (4.9) 
in 2D with two variables L2 and L3, should be calculated first. Figure 4.14 shows such 2D 
stability map of the cavity. In this calculation, astigmatism was compensated by adjusting 
the angle of CM1 and CM2, therefore the stable zone of sagittal and tangential are almost 
same. 
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Figure 4.14. Stable zone of Z-shape cavity. 
From this graph, it can be clearly seen that there are two stable zones. Each edge of 
the stable region corresponds to the state of the resonator called (a) plane-plane, (b) point-
plane, (c) plane-point, (d) point-point in order from the bottom. Fig. 4.14 shows 
schematics of the beam diameter distribution at each state [101]. 
If the Kerr lensing affects with near of the edge (b) or (c), mode shrink by self-focusing 
occurs on each collimated arm. Therefore, KLM can be obtained by inserting hard 
apertures on the short arm side for (b)-state and long arm side for (c)-state. In the thin-
disk resonator, since an HD mirrors are inserted on the disk side and the passes through 
the disk is sometime multiple, the disk side should become the long arm side. In this case, 
the stable edge of (b) where the mode diameter does not change significantly on the disk 
side has the lowest difficulty of the cavity design. Therefore, in this study all of the 
cavities are based on the edge of (b).  
 44  Shotaro Kitajima –May 2019 
 
Figure 4.15. Schematic of mode diameter distribution at each stability edge. 
In general, designing a KLM thin-disk laser cavity requires consideration of both the 
soft aperture effect and the hard aperture effect. Here, in order to increase the modulation 
depth, it is important to maximize the beam shrinkage at the hard aperture position while 
optimizing the beam mode radius on the disk to about 0.8 times of the pump radius. The 
optimization of the beam radius on the disk is important for high efficiency TEM00 
operation. To achieve these configurations in an actual cavity design, two distances, 
CM1-KM and KM-CM2 are the most important parameters. Fig. 4.16 shows the 2D-map 
of beam radius shrinkage ratio at the position of OC by the Kerr-lensing effect. Fig. 
4.17shows the ratio of the laser mode and the pump beam radius on the disk taking into 
account the Kerr-lensing effect when these two distances are varied. Here, the horizontal 
axis L2 represents the distance between CM1 and KM, and the vertical axis L3 represents 
the distance between KM and CM2. In these figures, the light gray area means a cavity 
unstable region even in the CW case. The dark gray area is the region stable in CW but 
not stable with the Kerr-lensing effect assuming this peak power. 
From Figure 4.16, you can see that there are two strongly shrinkage regions (red 
regions) near the bottom (narrow) and top (broad) edges of the CW stable region. In these 
areas, large loss modulation due to hard aperture may occur. However, Fig. 4.17 shows 
that the region near the bottom stability edge has the larger mode radius on the disk than 
the 0.8 times of pump mode radius, decreasing the pump mode matching. Thus, the region 
where L2 and L3 are around 300 mm and 230 mm, respectively, was optimal for 
generating the largest beam shrinking near the OC while maintaining the appropriate 
mode diameter on the disk. Near this region, the cavity mode is focused on the long arm 
side and collimated on the short arm side as Fig. 4.15. (b) when the intracavity laser power 
is low. When the peak power increases, the laser mode radius shrink only on the short 
arm side. 
Chapter 4. Thin-disk laser 
Shotaro Kitajima– May 2019   45 
 
Figure 4.16. Shrinkage ratio at OC as a function of L2 and L3 (ROC = 500 mm). 
 
Figure 4.17. Pump/laser mode ratio as a function of L2 and L3 (ROC = 500 mm). 
Fig. 4.18 shows the calculated beam radii for both CW and KLM operations with L2 = 
302 mm and L3 = 229 mm. L2 and L3 were determined according to the above calculation. 
From this calculation, it can be seen that the beam radius in the sagittal direction shrinks 
near the slit and maintains an appropriate radius of 0.9 mm in the disk. Thus, the cavity 
laser exhibits the intensity-dependent behavior as designed in sagittal plane. At this time, 
the Kerr lens effect in KM is small in the tangential direction, so the change in the mode 
radius in the tangent plane is small at whole cavity area. As a result, large astigmatism 
occurs on the short arm side. This may be one of the reasons why the efficiency of the 
KLM thin-disk laser is commonly low even its absence of non-saturable loss. This 
problem can be solved by replacing the concave mirrors to larger ROC ones or by 
increasing the thickness of the KM [102]. 
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Figure 4.18. Calculated mode radius in the KLM thin-disk laser (ROC = 500 mm). 
The calculated ABCD matrix (forward direction) representing KM on the sagittal 
plane is as follows. 
 
0.9904 1.2582
0.0155 0.9900
KM
 
  
    
(4.14) 
Assuming that the Kerr medium is a superposition of a thin plate with a thickness of d 
and incident at Brewster's angle  and a thin lens with a focal length of f, the matrix has 
the following elements. 
 
1 1 0 1 /
0 1 1/ 1 1/ 1
eff eff eff
K
d d f d
M
f f
    
     
       
2 2sin
eff
d
d
n 

  
(4.15) 
deff is calculated as 1.28 with a refractive index of 1.81 and a thickness of 2 mm. 
Comparing the elements of the matrices (4.14) and (4.15), we can see that both A and D 
are almost equal to 1. When compared with B, a value in Eq. (4.14) has approximately 
equal to the calculated deff. By comparing the element C, the value in Eq. (4.15) is 
1/ 0.0155 64 . As can be seen from the above, in this calculation, KM can be 
approximated as a superposition of a Brewster plate having a thickness of 2 mm and a 
thin lens having a focal length of 64 mm. 
A well-known approximation of the focal length of KM in a thin lens model is given 
as follows. 
 
1 2
2
4
s s t
n d P
f
  
 
 
(4.16) 
Substituting the assumed parameter into this equation, the focal length is 70.1 mmf  .  
This is a good match between the two models. From the above, there is a possibility that 
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the approximation of KM may be sufficient even by the simple superimposing model of 
a Brewster plate and a thin lens having a focal length calculated in (4.16). If we need the 
beam diameter distribution in the KM, such as when KM is a gain medium, decompose 
the KM into several thin plate and thin lens for each and calculate. 
 How to design the KLM cavity 
When the designing the mode-locking cavity, it is a difficult question what we start to 
design from. Generally, to design a laser, it is required to design the cavity from the 
requirement of laser spec, but it is difficult to trace such a flow with the KLM resonator. 
This is because the SAM by KLM depends on the whole cavity architecture and it is 
difficult to handle each value independently. As an example, the length of each part of 
the cavity is adjusted in order to change the beam diameter of each point, but the change 
of the length also cause a change of the repetition rate at the same time. It changes the 
peak power, resulting the change of Kerr lensing strength, and the duration of the stable 
soliton pulse also changes. 
Therefore, as a realistic design method, rough design of a cavity is determined by 
referring many other papers, and improves through the experiments and calculations 
gradually. Both linear and nonlinear ABCD matrix calculations are very powerful tools 
in such a design. 
 Geometrical power scaling 
Increasing the ROC of the two condensing mirrors CM1 and CM2 increases the beam 
spot diameter in KM. As a result, the change of the beam diameter due to the Kerr lensing 
effect becomes gentle, and the upper limit of peak power which becomes the unstable 
region also increases, so peak power scaling becomes possible. The scaling of this 
principle in TDL was demonstrated by Bron et al.[19]. According to them, it is possible 
to raise maximum intracavity peak power in proportion to the beam diameter. Figures 
4.19 and 4.20 shows calculation results similar to Fig. 4.16 and 4.17 when ROC of CM1, 
CM2 is changed to 750 mm. The peak power was set to 42 MW based on the experimental 
result. Even higher peak power, there are same trend of shrinking. The limit of the peak 
power scaling of this system is thought to be due to the rise of the misalignment sensitivity 
due to the extension of the total cavity length. 
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Figure 4.19. Shrinkage ratio at OC as a function of L2 and L3 (ROC = 750 mm). 
 
Figure 4.20. Pump/laser mode ratio as a function of L2 and L3 (ROC = 750 mm). 
 
Figure 4.21. Calculated mode radius in the KLM thin-disk laser (ROC = 750 mm). 
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 Compensation of thermal effect 
As discussed in Section 3.3, the ROC of disk is changed by heat generation in the media, 
and it must be counted to the designing of the cavity. One of the ways is to preliminarily 
assume the pump intensity and design the cavity with the effective ROC of the disk as a 
fixed parameter. However, the change in the radius of curvature of the disk can be 
compensated by other parameters, for example L2 and L3. Figure 4.22 shows the shift of 
stable zone on L2L3 2D-map when the ROC of disk is changed from 3 to 6 m. when the 
ROC changes in the same cavity design, the stability region is shifted and becomes 
narrower. Even in different ROC, since the edge of each stable region has substantially 
the same q-parameter, it is possible to create a similar cavity state by adjusting L2L3 
according to the shift of the stable region. Figure 4.23 shows the beam diameter 
distribution at CW when L2 and L3 are optimized for 3 m, 5 m, and 7 m, respectively. 
Since the cavity has substantially the same q-parameter and the beam diameter in the 
KM is almost equal, it is possible to obtain KLM despite of different ROC. It should be 
noted that it is difficult to compensate if a strong thermal effect appears and ROC of disk 
becomes sufficiently smaller than the overall cavity length. 
 
Figure 4.22. Shifting of stability zone induced by thermal deformation of the disk. 
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Figure 4.23. Calculated mode radius with different ROCs of the disk. 
4.6 Optical components 
 Kerr medium 
Unlike bulk laser, thin-disk laser requires Kerr medium independent of gain medium. 
However, this is rather an advantage because the parameters of the two media can be 
manipulated independently. Since the thickness of KM and the value of n2 are 
complementary, if the thickness can be changed appropriately, any value of the n2 of KM 
can be used, but if n2 is too small, KM will be too thick. Considering the Rayleigh length 
of the laser, it is not preferable that KM is too thick. In addition, it is important to select 
the following three factors properly: ① small heat generation, high thermal conductivity, 
② high damage threshold, ③ easy to obtain good polished condition. Table 5.3 shows a 
summary of general characteristics of KMs. 
 
Table 4.4 Several characteristics of Kerr media materials. 
 fused SiO2 
Sapphire 
(Al2O3) 
YAG 
Nonlinear reflective index 
(10-20 m2/W) 
2.6 3 6.2 
Band gap (eV) 9.9 8.8 4.7 
Thermal conductivity 
(W/mK) 
1 35 12 
 
It is well known that the optical damage threshold of a transparent medium has a 
proportional relation with the band gap energy of the material [103] Therefore, the 
material with larger band gap, the better for KM. Looking at the table, silica has a high 
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damage threshold but low thermal conductivity, while sapphire has excellent both thermal 
conductivity and damage threshold. YAG has a somewhat lower band gap but n2 has a 
larger value than other two. Further, YAG using rare earth atom, so it tends to contain 
impurities having optical activity, and there is a possibility of nonlinear absorption. 
Above all, sapphire is the most appropriate choice, but twice thickness of YAG is required 
to produce equivalent Kerr lensing effect. In this thesis, we used a YAG as KM because 
of its availability, but since damage often occurred, the sapphire is more suitable. 
 Hard aperture 
As a hard aperture, pinholes and slits are used. The former can add loss in both directions 
of x and y, and the latter can add loss in either one direction. In the case of a laser with a 
high intracavity power such as Thin-disk laser, these hard apertures tend to have heat due 
to absorbed light, instability due to thermal destruction or heating of surrounding air is 
induced. Therefore, HA should be cooled by water cooling. Since the width of the slit and 
the diameter of the pinhole change according to the cavity design, it is desirable that these 
can be adjusted. In this study, both pinhole and slit were prepared and used in the 
experiment. Pinholes were prepared with multiple holes with different diameters and 
could be selected for each experiment. As the slit, mechanical slit VA100 (Thorlabs inc.) 
was customized for water cooling and used. The blade of slit was mirror polished to 
supress the absorption and the heat-conducting grease was applied in the slit. 
As described later, there was no big difference between two choices in ability to 
generate the modulation. This is because the Kerr lensing effect is strong only in the 
sagittal direction, so it is only necessary to insert a slit in the sagittal direction. However, 
in the case of slit with sagittal direction, since the degree of freedom of mode movement 
remains in the tangential direction, the ML often broken due to the fluctuation. On the 
other hand, ML with the pinhole was relatively stable compared to the slit. Also, mode-
locking did not obtain with a pinhole had a diameter equal to the optimum width of the 
slit. 
 
Figure 4.24. Water cooled mechanical slit. 
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Figure 4.25. Water cooled pinholes. 
 High dispersive mirror 
In this study, high dispersive mirror, HD65 (Ultrafast Innovations GmbH) was used [104, 
105]. The reflection spectrum and GDD spectrum of this mirror are shown in Fig. 4.26.  
This mirror has HR characteristics of R> 99.9% from 1020 nm to 1070 nm and has GDD 
of -1000 fs2 as design value. Generally, as the dispersion value of the HD mirror increases, 
the bandwidth maintaining constant dispersion value tends to narrow. Initially I used a 
HD mirror, HD73 with the GDD of -3000 fs2, but I could not get a short pulse width of 
less than 100 fs with this due to its narrow bandwidth. 
Another method to compensate the GDD is a method using a prism pair. This method 
has the merit that dispersion can be arbitrarily changed, and since it uses material 
dispersion, it has very broad GDD bandwidth compared with HD mirror. Theoretically, 
it is used under Brewster angle, reflection loss at intermedia is almost zero. In reality, 
however, the reflection loss due to misalignment is very large and the influence on the 
transverse mode is also large, so it is not widely used for thin-disk laser experiments. 
 
Figure 4.26. GDD spectrum of (a) HD65 and (b) HD73 [104, 105]. 
 Environment 
For lasers with high intracavity peak power, it is necessary to consider that the 
nonlinearity of air such as SPM between optical elements.  In the case of mode-locked 
laser with over 100 W output power, in order to compensate the SPM due to air, a very 
large dispersion compensation element is inserted in the cavity [106], or the entire laser 
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cavity is placed in a vacuum environment [22]. However, no special cares were taken in 
my experiment due to lower peak power in the cavity. In the future aiming for even higher 
laser output, the above-mentioned countermeasures are required. 
4.7 Power scaling limit of thin-disk laser 
If the mode diameter is increased, the influence of thermo-optic effect, optical destruction 
and nonlinear optical effect can be suppressed infinitely, so thin-disk laser seems to be 
capable of infinite power scaling. In practice, however, the expansion of the mode 
diameter is limited by two factors. One is the diameter of disk, and the other is the rise of 
misalignment sensitivity. At present, disks with a diameter of 30 mm in diameter are 
manufactured, and there is fundamentally no limit. However, if the fabrication method 
(polishing, gluing) of the disk is not optimised, the practical available area is reduced by 
the distortion of the surface shape of disk. 
For the latter limit, Schuhmann et al. carried out numerical analysis [107]. According 
to the paper, the misalignment sensitivity increases as the beam diameter increases, 
effectively making the cavity impossible or increasing the instability. In addition, the 
misalignment sensitivity increases as the number of passes through the disk increases. 
Actually, the pump spot diameter is kept to 3.3 mm even in the current maximum output 
KLM cavity [21]. This is the real power scaling limit of thin-disk laser at present. 
They also propose a configuration of a cavity that is insensitive to this thermally 
induced misalignment, and further scaling of beam diameter arrowed by introducing the 
4F-relay imaging optical system in the cavity design. Such a resonator configuration has 
never been demonstrated in the KLM cavity. 
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 Development of mode-locked 
ceramic thin-disk lasers 
5.1 Introduction 
In this section, the mode-locked thin-disk laser with two oxide materials based-on Lu-ion 
as a cation, LuAG and Lu2O3. Along with this, thermal, optical characteristics of such 
materials were observed. Since Lu and Yb are close in atomic number, there is a common 
advantage that the decreasing in thermal conductivity due to the addition of ions is small. 
The large difference between the two materials is the structure of the fluorescence 
spectrum, Yb:LuAG has narrow and sharp spectrum, and Lu2O3 has a relatively broad 
spectrum. Therefore, the optimum application can be divided into a high power laser of 
about 150 fs, or a laser of sub-100 fs with moderate output power, respectively. 
 Yb:LuAG ceramics 
LuAG is a crystal obtained by replacing Y in YAG (Y3A5O12), which is most common 
laser medium, with Lu and has a garnet structure as shown in Fig. 5.1, similar to that of 
YAG (space group is Ia3d, cubic system, optical Isotropic body). The world's first laser 
oscillation of Yb: LuAG was demonstrated in 1975 with single crystal LuAG [108]. 
In a general laser medium such as YAG, there is a problem that the thermal 
conductivity is rapidly decreased with an increasing o the concentration of the dopant 
ions. This is because rare earth ions act as defects and the mean-free-path of phonons 
decreases due to the atomic weights difference between the cation ions in the host material 
and the dopant rare earth ions. The degree of decrease in the thermal conductivity is 
depending on the atomic mass difference between two ions. 
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Figure 5.1. Crystal lattice structure of LuAG.  
Fig. 5.2 shows the thermal conductivities of Yb:LuAG and Yb:YAG single crystal as 
a function of Yb-ion doping concentration [109]. In the case of Yb:YAG, the Yb3+- ions 
(173 g/mol)  are replaced in the site of Y3+-ions  (89 g/mol). The difference in atomic 
weight is large, and the thermal conductivity decreases sharply as the doping 
concentration increases. In contrast, Lu 3+ -ions (175 g / mol), replaced ion in the Yb: 
LuAG, has almost same atomic mass with the Yb3+-ions. Since the atomic mass is very 
close, the decreasing of thermal conductivity in the case of of heavy doping condition (> 
2-3%) is slight, and higher than Yb: YAG. Therefore, Yb: LuAG is a suitable for the thin-
disk laser gain media, which need the high doping media. 
 
Figure 5.2. Thermal conductivities of Yb:YAG and Yb:LuAG as a function of Yb-
ion doping concentrations [109]. 
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 Previous reports of Yb:LuAG laser 
Table 5.1 shows reports of a mode-locked laser using Yb: LuAG as a gain medium. The 
report on the left of the table [110] was reported by our laboratory in 2012 and was the 
result of the world's first mode-locked experiment. For this experiment, the SESAM was 
used as a saturable absorber. In all of the three reports, the pulse durations are around 600 
fs with the oscillation wavelength of around 1030 nm. Even near of the 1046 nm where 
the pulse tends to narrow more easily, the shortest pulse duration was 252 fs. In regard to 
an output, it was limited up to several hundreds of mW when the pulse width is less than 
ps. The major reasons of these were mainly due to SESAM. SESAM gives the limit to 
both pulse width and output due to its unsaturated absorption losses and shallow 
modulation depth. Therefore, Kerr-lens mode-locking is indispensable in order to realize 
a higher output and short pulse duration beyond these results. 
Table 5.1. Previous results of mode-locked Yb:LuAG lasers. 
 [110] [111] [112] 
Average power (mW) 200 200 1270 676 
Pulse duration (fs) 699 650 1150 252 
Center wavelength(nm) 1032 1036 1031 1046 
Mode-locker SESAM SESAM SESAM 
 Ceramic Ceramic Single-crystal 
 
In recent years, Yb: LuAG has been actively studied as a medium for Thin-disk laser 
due to its suitable characteristics [113]. Because of the thinness of the medium for thin-
disk laser, it is necessary to dope high concentration of luminescent ions for absorption 
of pumping light, and in that case also it is necessary to have high thermal conductivity. 
For single crystal Yb:LuAG, output power of 5 kW [114] is achieved by multimode 
oscillation and output power of 742 W [114] is realized in near single mode operation. 
For the ceramic Yb:LuAG, our laboratory reported the world's first Yb: LuAG ceramic 
thin-disk laser with thte output power of 100 W in 2014 [115]. After that further power 
scaling was demonstrated with a maximum output power of 166 W and a slope efficiency 
of 72.2% [116]. In 2015, the maximum output of 1.72 kW and the slope efficiency of 
71.2% have been achieved by using diamond heat sinks in other groups [117]. So far, 
there are no mode-locking report with Yb:LuAG thin-disk laser include both of single 
crystal and ceramic. 
 Yb:Lu2O3 ceramics 
The Lu2O3, called as lutecia or lutecium sesquioxide, is a transparent, cubic-structured 
oxide material. The crystal structure is Ia-3. There are other several rare-earth sesquioxide 
families which are Y2O3 and Sc2O3. 
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Figure 5.3. Crystal lattice structure of Lu2O3. 
Yb-doped sesquioxide crystals (RE2O3, RE = Y, Sc, Lu) have attracted a great attention 
as a gain media for high power ultrashort pulse laser in recent years. Especially, Yb:Lu2O3 
is one of the most promising gain media for sub-100 fs high power thin-disk laser due to 
the combination of the broad fluorescence bandwidth(13 nm) and high thermal 
conductivity (~11 W/mK, 2.7 at. % doped [118]).  Like the Yb:LuAG, its thermal 
conductivity does not decrease even at high added concentration. The bandwidth of the 
fluorescence spectrum is about 1.5 times larger than that of YAG, and as a laser medium 
for thin-disk, it is a material that succeeds next to YAG.  
 Previous reports of Yb:Lu2O3 laser 
The world's first Yb: Lu2O3 laser was demonstrated in around 1999 [119, 120]. Until now, 
a maximum output power of 670 W with a slope efficiency as high as 80% in the CW 
operation [121] and an average output power of 141 W with a pulse duration of 738 fs by 
SESAM mode-locked laser [25] were demonstrated.  In 2016, the first KLM Yb:Lu2O3 
thin-disk laser was reported[32]. Since the first demonstration of KLM with the thin-disk 
laser oscillator in 2009, the only gain material used in KLM thin-disk lasers has been 
Yb:YAG. Most recently, Paradis et al. demonstrated the improved KLM thin-disk laser 
based on Yb:Lu2O3, achieving the pulse duration as short as 35 fs [33].  
Sesquioxide gain media fabricated by ceramic sintering technology has been also 
developed and laser performances demonstrated [122-124] like other cubic gain material. 
The Lu2O3 is difficult to fabricate the laser grade material by using single crystal glowing 
method due to its high melting point and the phase transition under the melting point. 
There are only a few institutes which can fabricate laser quality Yb:Lu2O3 single crystals. 
Kränkel and his colleagues fabricated laser grade rare-earth doped Lu2O3 by the heat-
exchange method [125] and demonstrated high efficiency operation. But this method 
needs an expensive crucible due to its high melting temperature and the aperture of the 
material was limited by it. The ceramic sintering method can fabricate such high melting 
temperature materials. Therefore, it is significant to develop the ceramic Yb:Lu2O3 
instead of single crystals. In addition, ceramic laser gain media has many advantages for 
 58  Shotaro Kitajima –May 2019 
high power laser such as high fracture toughness, size scalability and low cost, short time 
fabrication as discussed in the section 2.4. In spite of those advantages, thin-disk laser 
with ceramic gain media has not been studied widely. In 2014, we reported the first 
demonstration of CW operation of Yb:Lu2O3 ceramic thin-disk laser with a maximum 
output power of 45 W [116].The reached output power was limited by the launched pump 
power of up to 100 W and a small number of pumping passes of 12. In regard to the mode-
locking, we reported Yb:Y2O3 ceramic SESAM mode-locked laser with the output power 
of 7W with a pulse duration of 547fs [126]. This paper has been the only report for mode-
locked thin-disk laser based on ceramic laser gain media so far. 
5.2 Characteristics 
LuAG ceramic is a translucent ceramic developed in collaboration with Konoshima 
Chemical Co. [127]. Figure 5.4 shows SEM (scanning electron microscope) images of 
LuAG ceramic. It can be seen that the grains have the same size, and in close contact with 
each other. 
  
Figure 5.4. SEM images of LuAG ceramic. 
Figure 5.5 shows the our sample of Yb:Lu2O3 ceramic. It can be seen that it is slightly 
brown-color with the naked eye, but the absorption loss in the near infrared is almost zero. 
 
Figure 5.5. Picture of our Yb:Lu2O3 ceramic. 
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 Mechanical properties 
Table 5.2 summarizes mechanical properties of un-doped Lu2O3 ceramic and LuAG, both 
ceramic and single crystal [127,128]. The values of YAG and Y2O3, both of ceramic and 
single crystal are also shown as references [64]. The all of average grain sizes of our 
ceramics are almost same as 1∼2 µm. By using ceramics, it is understood that the 
mechanical properties are improved compared with single crystal. In comparison with 
YAG, the micro hardness of LuAG was larger than that of both YAG single crystal and 
ceramic, and fracture toughness was smaller than YAG ceramics but larger than YAG 
single crystal. By using LuAG ceramics, it can be said that it is possible to produce large-
diameter materials with higher mechanical properties than YAG. For an un-doped Lu2O3 
single crystal, only the estimated fracture toughness is available. Lu2O3 ceramic indicates 
two times larger fracture toughness than that of single crystal, and similar to YAG 
ceramics. Compare with the LuAG, Lu2O3 has larger fracture toughness and smaller 
micro-hardness. 
Table 5.2. Mechanical properties of LuAG, Lu2O3, YAG, and Y2O3 [64] [127, 128] 
 
Micro-hardness 
(GPa) 
Fracture toughness 
(MPa m1/2) 
LuAG ceramics 22.8 2.2 
LuAG single crystal 16.5 1.78 
Lu2O3 ceramics 12.5 4.1 
Lu2O3 single crystal - 1.78 
Y2O3 ceramics 10 2.5 
Y2O3 single crystal 7.6 1.0 
YAG ceramics 16.8 4.3 
YAG single crystal 14.5 1.8 
 Thermal conductivity 
Since the thermal conductivity of Yb: LuAG ceramic has newly measured, two materials 
were described separately in this section. 
Table 5.2 shows the thermal conductivity of non-doped LuAG ceramic, 5 at.%-doped 
LuAG ceramic, and 10 at.%-doped LuAG ceramic measured by flash method. As a 
reference sample, Pyroceram9606 was used. Despite the high concentration doping of 10 
at.%, The decrease of thermal conductivity is slight. The thermal conductivity of non-
doped LuAG is smaller than YAG, but in high concentration Yb: LuAG, the thermal 
conductivity is higher than Yb: YAG with the same concentration. Compare with the 
single crystais, the Yb:LuAG ceramic has almost same value in any doping 
concentrations as described in section 5.1. 
Table 5.3. Thermal properties of non-dope LuAG ceramic and Yb:LuAG ceramic. 
 Thermal 
conductivity 
Thermal 
diffusivity 
Heat capacity 
(J/gK) 
mass density 
(g/cm3) 
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(W/m・K) (mm2/s) 
LuAG 8.876 
±0.141 
2.625 
±0.042 
0.508 
±0.008 
6.65 
±0.07 
5at.%Yb:LuAG 7.940 
±0.095 
2.538 
±0.030 
0.469 
±0.008 
6.65 
±0.07 
10at.%Yb:LuAG 8.160 
±0.067 
2.750 
±0.023 
0.445 
±0.013 
6.67 
±0.07 
 
Table 7.2 shows the thermal conductivity of sesquioxide ceramics and single crystals 
[129-131]. Values of YAG are also shown for comparison. As can be seen, Yb:Lu2O3 has 
very high thermal conductivity even high doping concentration. The reason why the 
ceramic has a large and high thermal conductivity is unknown, but the cause can be 
individual sample difference or measurement error. 
Table 5.4. Thermal properties of YAG, Lu2O3, Sc2O3, and Y2O3 [129-131] 
Materials 
YAG Lu2O3 Y2O3 Sc2O3 
SC Cera SC Cera SC Cera SC Cera 
Thermal conductivity  
(non-doped) (W/mK) 
11 
9.9 
± 0.3 
12.5 
10.9  
± 0.6 
13.6 12.6 16.5 
12.5 
± 0.6 
Thermal conductivity 
(~3%doped) (W/mK) 
6.8 7.76 11.0 
13.9 
± 0.8 
7.7 7.9 6.6  
 Optical properties 
Absorption and emission spectra 
Fig. 5.6 shows the absorption and emission cross section spectra of 10 at.% Yb: LuAG 
ceramic. A fiber coupled LD with center wavelength of 915 nm was used as a pump 
source. There is a sharp narrow peak at 968 nm which is a zero phonon line. Another 
absorption peak is around 940 nm, which has smaller peak than 968 nm, but the band 
width is broader. Since the line width of the peak at 968 nm is very narrow, it is not 
suitable for excitation by a general LD not stabled in wavelength. Therefore, it is desirable 
to use a peak around 940 nm with a wide line width for LD pumping. Also, although there 
is a peak around 1030 nm, this is a reabsorption loss peculiar to Yb ion, which affects as 
the reabsorption loss during laser oscillation. The emission spectrum has two major peaks 
mainly contributing to a laser operation, such as 1030 nm and 1046 nm. The full width at 
half maximum (FWHM) of the main peak (1030 nm) is 6.1 nm with an emission cross 
section of 2.5 × 10−20 cm2. This value is 25% higher than that of Yb:YAG (2.0 × 10−20  
cm2), and it is an additional advantage of Yb:LuAG ceramic for high power laser sources. 
The narrower gain bandwidth (6.1 nm) is a fatal limitation in an ultrashort pulsed 
operation. But this limitation can be overcome by a deep modulation depth provided by 
the KLM technique as shown later.  
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Figure 5.6. Absorption and emission spectra of 10 at.%-doped Yb:LuAG ceramic. 
Figure 5.7 shows the absorption and emission spectra of 3 at.% Yb:Lu2O3 ceramic. 
Yb:Lu2O3 ceramic has its zero-phonon absorption peak at 976 nm with a FWHM of 3 nm. 
The pump wavelength was chosen as the wavelength of the zero-phonon line. For the 
zero-phonon line pumping, a wavelength stabilization such as VBG-locking is required. 
In the emission spectrum, the main peak which contributes to the laser operation is at 
1032 nm with a FWHM of 13 nm. Another peak is located at 1080 nm with a FWHM 15 
nm. The emission cross section at 1032 nm (σemi≈1.35×10−20 cm2) of the Yb:Lu2O3 is 
narrower than that of Yb:YAG (σemi≈2.0×10−20 cm2 ).  
 
Figure 5.7. Absorption and emission spectra of 3 at.%-doped Yb:Lu2O3 ceramic. 
Fig. 5.8 shows the comparison of the part of the fluorescence spectra of the two 
materials contributing to the laser oscillation. The absolute value of the stimulated 
emission cross section of Yb: LuAG has an almost doubled peak value from Yb:Lu2O3 
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ceramic. Instead, Yb:Lu2O3 ceramic is broader in the width of the fluorescence spectrum. 
In addition, it can be seen that the peak of the spectrum is red shifted by Yb:Lu2O3 by 
about 5 nm. As another difference, Yb:Lu2O3 ceramic has another peak at 1080 nm that 
can be used for laser oscillation. In this study actually demonstrates laser oscillation and 
mode-locking in this band. 
 
Figure 5.8. Comparison of emission cross section spectra of two materials. 
Fluorescent lifetime 
Figures 5.9 shows fluorescence decay curves of 5 at.% Yb :LuAG and 10 at.% 
Yb:LuAG respectively. There was no fast relaxation process. As a result of calculation, 
the fluorescence lifetime was 1.01 ms for 5 at.% And 1.02 ms for 10 at.%, Respectively. 
It can be seen that concentration quenching is not occurring at even at 10at.% doping. 
These values were almost the same as the literature value of single crystal Yb: LuAG. 
Figure 5.10 shows the fluorescent decay curve of 3 at.% Yb:Lu2O3 ceramic. The 
fluorescence lifetime is measured to be ≈ 820 µs. The literal value of fluorescence lifetime 
of Yb:Lu2O3 single crystal is 870 s, which is slightly larger than our ceramic. 
 
     Figure 5.9. Fluorescence decay curves of 5 at.% and 10 at.% Yb:LuAG. 
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Figure 5.10.Fluorescence decay curve of Yb:Lu2O3 ceramic. 
5.3 Mode-locked bulk laser 
 Mode-locked Yb:LuAG ceramic bulk laser 
Most of contents in this section are done when the author was in the master's course. 
Setup 
Figure 5.11 shows the setup for the KLM operation of the Yb:LuAG ceramic bulk laser. 
The cavity setup was based on Z-shape cavity. As a pump source, a broad stripe LD with 
a center wavelength of 940 nm was used. The maximum launched pump power was 10 
W. The pump beam was shaped and focused in the gain medium by four lenses. The cross 
sectional size at the focus point was about 20 (vertical) × 80 (horizontal) µm2 in air. A 
non-coated 10 at.% Yb:LuAG ceramic with the thickness of 2.82 mm was inserted under 
the Brewster’s angle between two HR concave mirrors with a ROC of 100 mm (M1 and 
M2). To compensate the GDD in the cavity, a pair of SF10 prisms was inserted with a 
separation distance of 600 mm. The total negative GDD provided by the prism pair is 
about -6000 fs2 per a round trip. The cavity is asymmetric with a short arm of 600 mm 
and a long arm of 1000 mm. Plane output couplers with four different transmittances of 
3%, 5%, 7.5%, and 10% were used. The OCs were changed to found optimal operation 
point. A knife edge was inserted at near the one end mirror M3 to select the oscillation 
wavelength, providing the wavelength-dependent loss into the cavity. The KLM 
operation was triggered by pushing a M2. 
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Figure 5.11. Experimental setup of a Kerr lens mode-locked Yb:LuAG ceramic laser.  
Results 
At first, the cavity was optimized for maximizing the average output power in a CW 
regime. The maximum CW output power was 2.5 W at 9.5 W pumping with a 5% OC. 
The mode-locking operation was started by the alignment of the separation of M1 and 
M2 toward the resonator stability limit. When the KLM started, the laser spatial mode 
changed due to self-focusing caused by the Kerr lens effect in the medium (Fig. 5.12). 
 
Figure 5.12. Beam profiles of the output beam. 
The shortest pulse duration was obtained with 5% of output coupling and GDD of -
6000 fs2. At a pump power of 8.9 W, the stable KLM operation with the highest average 
output power of 1.64 W was obtained. Figure 5.13 shows the SHG autocorrelation trace 
and the oscillation spectrum. A sech2-fit pulse duration of 91 fs and a spectral bandwidth 
of 13.0 nm at a center wavelength of 1048 nm were obtained. Fig.5.13.(c) shows the long-
span autocorrelation trace. Even in the autocorrelation measurement with a -40 ps ~ 40 
ps long span, satellite pulses were not observed. The center wavelength was shifted from 
the emission peak due to the reabsorption loss at 1030 nm and the wavelength-dependent 
loss provided by the knife-edge. The time-bandwidth product is 0.324, which is close to 
the Fourier-transform limit of 0.315. Unusual structure in the lasing spectrum is 
considered to be caused by uncompensated high order phase dispersion and the Kelly 
sidebands. The pulse train measured with a fast photodiode and an oscilloscope is shown 
in Fig. 5.14. The repetition rate was 81.95 MHz. The pulse energy and the peak power 
can be evaluated to be 20.0 nJ and 220 kW, respectively. 
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Figure 5.13. (a) SHG autocorrelation trace, (b) lasing spectrum, and (c) long span 
autocorrelation 0f 91 fs pulses. 
 
Figure 5.14. Pulse train of 91 fs duration pulses: (a) 40 ns/div. (b) 1s/div. 
The radio frequency (RF) spectrum of the mode-locked laser was measured. The 
fundamental beat note at 81.95 MHz and the high-order beat notes were shown in FIg.5.15 
(a) and (b), respectively. The Fig. 5.15 (a) shows a high extinction ratio of 80 dB from 
noise floor. The Fig. 5.15 (b) shows the high harmonics of the fundamental beat note 
indicating that the oscillator was in a stable single pulse mode-locked operation.  
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Figure 5.15. Radio-frequency spectrum of 91 fs pulses: (a) fundamental beat note. (b) 
1 GHz wide-span  
 
Figure 5.16. Two lasing spectra with different OCs.. 
When the transmittance of OC and the total GDD was changed to 7.5% and –11000 
fs2, respectively, the mode-locked operation with a center wavelength 1034 nm was 
obtained. With this configuration, a pulse duration of 198 fs with an average output power 
of 2.20 W at 9.5 W pumping was obtained. The corresponded optical-to-optical efficiency 
was 23.2% which was highest efficiency in the whole experiments of this section. Figure 
5.16 shows the two operation mode lasing spectra with the different OCs. The emission 
cross section (red dashed curve) and the absorption cross section (blue dashed curve) of 
Yb:LuAG ceramic are also shown as for reference. In the case of lower output coupling 
i.e. 3% or 5%, the center wavelength tended to be near 1046 nm (purple curve) due to the 
reabsorption loss around 1030 nm. By increasing the wavelength dependence loss by 
deeply inserting the knife edge, the mode-locking with a center wavelength of near 1030 
nm was realized (orange curve). The negative GDD was increased as -11000 fs2 to prevent 
double pulsing. As the oscillation wavelength approaches the peak of the emission 
spectrum, the effective line width narrows, so the threshold value of the multi-pulse 
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decreases. In case of the SESAM mode-locking, the spectral broadening is limited by the 
narrow bandwidth of Yb:LuAG ceramic. We have realized sub-200 fs pulse duration even 
near 1030 nm due to the deep modulation depth provided by KLM.  
 Mode-locked Yb:Lu2O3 ceramic bulk laser 
Setup 
I built the mode-locked Yb:Lu2O3 ceramic bulk laser. The setup was almost similar with 
the mode-locked Yb:LuAG ceramic laser (Fig. 5.11). A non-coated 4 mm-thick 3 at.% 
Yb:Lu2O3 ceramic was inserted under the Brewster’s angle between two HR concave 
mirrors with a ROC of 100 mm (M1 and M2). To compensate the GDD in the cavity, a 
pair of SF10 prisms was inserted with a separation distance of form 600 mm to 1000 mm. 
the distance was changed to find the optimal amount of GDD The total negative GDD 
provided by the prism pair was varied from  -6400 fs2 to 10600 fs2 per a round trip. Plane 
OC with three different transmittances of 5%, 7.5%, and 10% were used. As a pump 
source, a broad stripe, single emitter LD with a center wavelength of 976 nm was used. 
The maximum launched pump power was 12 W. The pump beam was shaped and focused 
in the Yb:Lu2O3 ceramic by four lenses. The cross sectional size at the focus point was 
about 20 (vertical) × 100 (horizontal) µm2 in air. A knife edge was inserted at rear of the 
prism pair to provide the wavelength-dependent loss into the cavity to select the 
oscillation wavelength. Spatial wavelength chirping occur at behind of GDD compensate 
prism pairs. Knife edge insertion can provide wavelength dependent losses in the cavity 
by easy way. The KLM was triggered by adjustment of position of M2. The slit was also 
inserted near the OC as a hard aperture. 
Results 
Interestingly, the mode-locked operation was obtained with two different wavelength 
bands which were around 1030 nm and 1080 nm. When OC was 10% and 7.5%, the center 
wavelength were 1078 nm and 1075 nm, respectively. However, when OC was 5%, the 
center wavelength shifted greatly, and it was 1038 nm. Figure 5.17 and 5.18 show the 
autocorrelation trace and oscillation spectra of each operation, respectively. 
By using GDD of -6400 fs2, multi-pulsing occur. 
 
Figure 5.17. Autocorrelation traces of KLM Yb:Lu2O3 ceramic laser. 
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Figure 5.18. Oscillation spectra of KLM Yb:Lu2O3 ceramic laser. 
Table 7.4 shows the summary of each output characteristics. the maximum output 
power was 1.75 W at 11 W pumping. Comparing with previous result in our lab [123], 
the pulse duration was broad. The reason of that is thought to the lack of moderation depth. 
Additionally, taking into account the Rayleigh length of pump light, the thickness of 4 
mm was too thick, which lead decreasing of efficiency and moderation depth produced 
by soft aperture.  
Table 5.5 Summary of KLM Yb:Lu2O3 ceramic bulk laser. 
OC 10% 7.5% 5% 
Center wavelength 1078 nm 1075 nm 1038 nm 
Average power 1.75 W 1.37 W 1.14 W 
Pulse width 143 fs 107 fs 124 fs 
Spectrum 
bandwidth 
8.2 nm 11.5 nm 12.7 nm 
 0.302 0.319 0.449 
 
5.4 Fabrication of ceramic thin disk 
Here I show the experimental results of a thin-disk laser using two materials. First, a thin-
disk laser heads were fabricated for laser oscillation experiments. 
We used the 10 at.%-doped Yb:LuAG ceramic and 3 at.%-doped Yb:Lu2O3 ceramic  
for thin disk experiments. Figure 5.19 describes the brief cross sectional drawing of the 
Yb:LuAG ceramic thin disk after glued. Thicknesses in this figure don’t describe the 
accurate ratio. The ceramic was polished into the thickness of about 150 m and the 
diameter of 6-8 mm (depend on material). After polished, the ceramic was HR and AR 
coated on each side. The coated thin disk was glued onto heatsink by UV-cured adhesive. 
Finally, the back surface of the disk was measured. The details of each step are as follows. 
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Figure 5.19. Cross sectional drawing of the Yb:LuAG thin disk after glued. 
 Polishing and coating 
The polishing and coating were supplied by Okamoto Optics Works, Inc. The Yb:LuAG 
ceramic was polished into the thickness of 160 m and the diameter of 8 mm. The 
thickness of Yb:Lu2O3 ceramic disks are one 130 m and two 120 m. Let these disks 
call #1, #2, and #3, respectively. All of disks has the 0.1 degree wedge for prevention of 
etalon effect. Figure 5.20 and 5.21 show the polished surface shape of the Yb:LuAG 
ceramic and Yb:Lu2O3 ceramic disk, respectively. The measurement was carried out by 
the company. From the measurement, it was shown that the Yb:LuAG disk has a saddle 
type surface profile. The peak to valley difference was 0.364, which means 230 nm (probe 
light has the wavelength of 633 nm). Although this value is an allowable range, it is 
desirable that the disk has a planar or spherical surface shape, so such a shape may lead 
to loss of the cavity. It should be noted that this measurement was done before the coating. 
The thin layer of the coating causes stress on the disk and changes the surface shape. 
Generally, such coating causes spherical, concave deformation, when the disk has a 
circular shape. In the case of Yb:Lu2O3 ceramic, the peak to valley deviation was 150 nm, 
which indicate very flatness and good surface quality. 
 
Figure 5.20. Surface shape measurement of Yb:LuAG ceramic thin disk after 
polishing. 
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Figure 5.21. Surface shape measurement of Yb:Lu2O3 ceramic thin disk after 
polishing. 
 The required specifications of the HR layer coated on the back side were 930-1010 
nm: > 98% and 1010- 1060 nm: > 99.7%. The refractive indices of the two materials are 
1.82 and 1.91, respectively, but coatings of the same construction are applied due to 
convenience of production. For the AR layer, it was 930-1010 nm: > 99% and 1010-1100 
nm: > 99.9%. The incident angle was assumed to be 30 to 40 degrees for the pump light 
and 0 to 10 degrees for the laser mode. Figure 5.22 shows the design value of reflectance 
spectra of HR coat. High reflectance is achieved over the entire wavelengths of both 
cavity laser and pump laser. 
 
Figure 5.22.  Reflectance spectra of HR coating of the disk (calculated value). 
 Gluing onto heatsink 
After the coating, the disk was glued onto the copper heatsink with the UV-cured adhesive. 
The previous work in our lab [115, 116] used a solder or a thermal cured adhesive, but 
this adhesive had a relatively high viscosity, which caused air bubbles and thick adhesive 
layer, causing a damage threshold decreasing. Therefore, I selected a new adhesive for 
this study. Properties required for adhesives bonding thin disk are summarized in the table 
6.4. One of the most important parameter is viscosity for the reasons mentioned above.  
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Next, since it is used for conducting heat, thermal conductivity is of course important. 
In order prevent unnecessary stress to the medium or to deform it, it is desirable that the 
thermal expansion coefficient should be as close as possible to the gain medium. In order 
not to generate static strain, the shrinkage rate during curing should be lower. In general, 
since the threshold of destruction of a thin disk is determined by the mechanical breakage 
by stress, the thermal durability of the adhesive layer is not so required. But, at least it 
should have the glass transition temperature of 100 ˚C or more. About optical properties, 
although the laser light does not pass through the HR layer, since the reflectance of the 
HR layer is about 99.7%, it passes through the adhesive layer by about 0.3%. Therefore, 
it is desirable that absorption of the light should be as little as possible. 
In this research, Optokleb UT20 was selected as an adhesive satisfying the above-
mentioned required characteristics. Table 6.4 shows the characteristics of UT20 and 
required value for comparison. This adhesive is originally used for bonding of LEDs and 
precision optical element. This adhesive satisfies most of the required specifications, but 
thermal conductivity is unknown. The thermal conductivity of methacrylate type adhesive 
is about 0.1 to 0.5 W/mK. However, since this adhesive has a very low viscosity, the 
adhesive layer can be very thin, and this disadvantage can be covered. 
Table 5.6. Properties of Optokleb UT20 [132]. 
 
Required 
value 
Optokleb 
UT20 
Low viscosity > 20 cps 8±3 cps 
Small cure shrinkage ratio ~10% 9-10 % 
High thermal conductivity >1W/mK 
0.1~0.5W/mK 
(estimated value) 
Matched thermal 
expansion efficiency 
~10-6 
(depend on material) 
8.5 * 10-5 
High glass transition 
temperature 
> 100 ˚C 112 ˚C 
High transparency ~100 % 
98.7- ~100% 
(405 – 1550 nm) 
Thickness: 30 m 
 
 Figure 5.23 shows the setup of the gluing method. The instrument contains Fizeau 
Interferometer part and the ceramic heater. An optical flat with an accuracy of/20 is a 
reference plane for the interferometer and also has the role of pressing a thin disk. The 
details of each step are as following. 
 Before the gluing, the disk was carefully cleaned each side by using acetone and 
cleaning paper. The heatsink was polished by hand into near specular surface and also 
cleaned. The glue was dropped on the center of the heatsink set on the ceramic heater. 
The dropping amount of adhesive was extremely small, about 0.1 ml. Then, the disk was 
putted on it quietly. At this time the adhesive is pressed by the disk and naturally spreads 
out from the center. If the adhesive does not reach the edge of the disk, it is not enough 
adhesive. In this state, observation with a microscope should be carried out to make sure 
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there are no bubbles in the adhesive layer.  After that, finally the disk was pressed by 
optical flat. To minimize the thermal stress during laser operating, disk was heated to100 
˚C during gluing by the ceramic heater. Interference pattern between optical flat and the 
disk was observed by CCD camera during the gluing. As the curing UV light source, the 
UV lamp with the center wavelength of 365 nm was used. The curing time was about 5 
minutes. After curing, the disk was slowly cool down to prevent the crack due to rapid 
stress change in the material. 
 
Figure 5.23. Setup of the gluing method between the disk and heatsink. 
 Back surface shape measurement 
After gluing, back surface shape was measured by the Michelson interferometer and 
Fourier transform method, as described in section 3.3.3.  
 Figure 5.24 to 5.27 show (a) the interferogram, (b) wrapped phase, (c) unwrapped 
phase, and (d) the Zernike fitted wavefront excluding the piston term and two tilt terms, 
respectively. Each figures show the results of Yb:LuAG ceramic and three Yb:Lu2O3 
ceramic disks in order. With regards to Yb:LuAG thin-disk (Fig. 5.24), the surface has 
saddle type surface shape with the peak-to-valley deference of about 1400 nm. It is 
probably due to the shape after polishing as shown in Fig. 5.20. Such a surface shape may 
have a bad influence particularly in single-mode oscillation or mode-locked operation. 
However, in the actual cavity, thermal lensing and vending effect will be dominant under 
highly pump power levels, so single mode operation becomes possible as shown in later 
sections. In the contrast, three of Yb:Lu2O3 ceramic disks has a high flatness and gentle 
curvature, which indicated that our gluing method has high reproducibility. But on disk 
#3, astigmatism is little stronger. 
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Figure 5.24. Surface shape measurement of Yb:LuAG ceramic thin disk. 
 
Figure 5.25 Surface shape measurement of Yb:Lu2O3 ceramic thin disk #1 after 
gluing. 
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Figure 5.26. Surface shape measurement of Yb:Lu2O3 ceramic thin disk #2 after 
gluing. 
 
Figure 5.27. Surface shape measurement of Yb:Lu2O3 ceramic thin disk #3 after 
gluing. 
Chapter 5. Development of mode-locked ceramic thin-disk lasers 
Shotaro Kitajima– May 2019   75 
5.5 CW ceramic thin-disk laser 
 Setup 
For the first experiment of the thin disk, the muti-mode CW laser operation was carried 
out. Figure 5.28 shows the schematics of the setup of the multimode CW operation of the 
ceramic thin-disk laser.  
 
Figure 5.28. Setup of CW Yb:LuAG ceramic thin-disk laser 
The disk with a heatsink was installed to the 24 pass multi-pass pumping module. As 
the pump source, the fiber coupled LDs with the two center wavelength of 940 nm and 
976 nm were used for Yb:LuAG and Yb:Lu2O3 ceramic thin disks, respectively. The 
maximum power of the LD was 1 kW and 600 W. The pump spot diameter was chosen 
to be 2.9 mm. The cavity was simple two mirror linear cavity with the output coupler of 
3%. The ROC of OC was 1000 mm (concave). The length of the cavity was almost 1000 
mm. The calculated cavity mode diameter on the disk is about 1.4 mm, which is 
sufficiently smaller than the excitation system, so the resonator oscillates in a multi-mode 
regime. During the laser operation, temperature distribution of the disk surface was 
observed by IR thermal camera (FLIR A325sc). 
 CW operation of Yb:LuAG ceramic thin-disk laser 
Figure 5.29 shows the laser performance of Yb:LuAG ceramic thin-disk laser. A 
maximum output power and a slope efficiency was 200 W at the pump power of 387 W 
and 55.5 %, respectively. The maximum pump density was reached to 5.9 kW/cm2. Even 
with such high pump density, any damage or instabilities were not observed.  From the 
previous study, the OC transparency of 3% was not an optimal value, therefore if we 
employ the higher rate OC, it is thought that higher efficiency can be obtained. I didn’t 
measure the beam quality such as M-square but it was estimated to be about 5-10 from 
the cavity setup. 
Figure 5.30 shows the maximum disk surface temperature as a function of pump 
density. The higher three points are estimated values from a linear approximation because 
the temperature upper limit of the camera we used was 150 ˚C. The estimated maximum 
temperature at the pump density of 5.9 kW/cm2 was as high as 180 ˚C. As for Yb: YAG 
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single crystal thin disk, the maximum temperature taking into consideration the safety 
factor is generally said to be about 150 ˚C, so this value was much larger than that. From 
this, it was proved the high thermomechanical properties of Yb:LuAG ceramic thin disk 
and suitability for the high power applications. At the same time, the resistance of this 
newly used adhesive in this power domain has also been proved. Figure 5.31 is the 
thermal distribution the disk at the pump density of 3.3 kW/cm2. The temperature rise 
seen in the outline of disk is the influence of refraction. Actually, the temperature rise 
mainly occurred only in the central pump region.  
 
 
Figure 5.29. Laser performances of the Yb:LuAG ceramic thin-disk laser. 
 
Figure 5.30. Yb:LuAG ceramic thin disk surface temperature as a function of pump 
density. 
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Figure 5.31. Temperature distribution of the Yb:LuAG ceramic thin-disk. 
 CW operation of Yb: Lu2O3 ceramic thin-disk laser 
First, a CW laser oscillation experiment was conducted with a 130 m disk. The 
experimental results both of output property and temperature measurement are shown in 
the Fig. 5.32. Although it is somewhat lower than the previous results of same material 
in our lab, this is due to the lower transmittance of OC. In the right graph, the blue line is 
the experimental result and the red line is the calculated value by FEM analysis (section 
3.2). Good agreement between two set of values has been obtained. The difference is 
attributed by assuming uncertain values such as thickness and thermal conductivity of the 
adhesive layer. 
The maximum pump density was 5.5 kW/cm2. The maximum temperature was 82 ˚C, 
indicating the  possibility of further enhancement of the pump density. Compared with 
Yb:LuAG ceramic, the temperature rise rate (˚C/W/cm²) is about 1/2.5. This is due to the 
higher thermal conductivity of Yb:Lu2O3 ceramic and the thinness of the gain medium.  
 
Figure 5.32. Results of CW Yb:Lu2O3 ceramic thin disk laser. 
Although there was no problem immediately after the experiment, there was a decrease 
in the laser efficiency several times after. When measuring the surface, the wavefront of 
the disk was deformed only pump region. Figure 5.33 shows the wavefront measurement 
after laser experiment. Although the cause of deformation is unknown, it seems that 
thermal expansion occurs in the adhesive layer due to the influence of heat, and 
irreversible strain remained. As a countermeasure, the disk was heated at about 100 ˚C 
during gluing, and similar problem did not occur. 
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Figure 5.33. Surface shape deformation of Yb:Lu2O3 ceramic thin disk #1 
5.6 Mode-locked ceramic thin-disk laser 
 Setup 
After confirmation of the capability of high power operation by CW experiment, the 
mode-locked experiments were carried out. The Kerr-lens mode-locking technique was 
employed as a mode-locker due to its suitability for short pulse operations. In this study, 
we aimed at proof of the principle of mode-locked ceramic thin-disk laser, focusing on 
short pulse operation at power level of around 10 W. Since the power scaling law in thin-
disk laser is well established, it is possible to achieve higher power after that the mode-
locked operation with short pulse duration is confirmed. 
Figure 5.34 shows the schematic setup of Kerr-lens mode-locked ceramic thin-disk 
laser cavity. The pump beam was passed through the thin-disk 24 times by using a multi-
pass pumping module. The pump diameter on the disk was 2.3 mm. The cavity design 
was based on so-called Z-shape cavity and it contains the focusing part, gain media, and 
GDD compensation part. A 2-mm thick non-doped YAG plate was inserted under the 
Brewster’s angle between two concave mirrors as a Kerr medium. The ROC of the two 
concave mirrors was 500 mm. The GDD in the cavity was compensated by a set of high 
dispersive (HD) mirrors. Each HD mirror can produce negative GDD of -1000 fs2 or -
3000 fs2 per bounce. The total amount of GDD was adjusted by changing the number of 
bounce on HD mirrors. The transmittance of the output coupler was varied from 0.3% to 
5%. The water-cooled mechanical slit was inserted near the short-arm side end mirror as 
a hard aperture. 
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Figure 5.34. Setup of Kerr-lens mode-locked Yb:LuAG ceramic thin-disk laser 
cavity 
How to build the KLM cavity 
It is difficult to construct a cavity including much optics directly from the beginning and 
oscillate it. Therefore, a method commonly used is that the laser was oscillated with a 
simple shaped cavity first and gradually increasing the number of optics to extend the 
resonator. In the case of constructing a cavity as shown in Fig. 5.35, a V-shaped cavity is 
constructed at first by using the He-Ne laser as the reference (Fig. 5.35 (a)). Next, by 
using the leakage laser from one of the end mirror, the focusing part of the cavity was 
constructed (Fig. 5.35 (b)). Then, the length of the long arm side was extended to design 
length (Fig. 5.35 (c)). Finally, the HD mirrors on the long arm side and the slit on the 
short arm side were inserted and the cavity was completed (Fig. 5.35 (d)). It is important 
that cavity configurations of every stages have to be in the stability region, otherwise the 
cavity cannot construct.  
 
Figure 5.35. Schematic of the construction method for KLM laser cavity. 
 After the cavity construction completed, the resonator was optimized for CW laser 
oscillation. During this stage, the beam shape of the output was confirmed by the CCD 
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camera keeping the single mode operation. Next, shift the position of CM2 outward, and 
look for the point where the mode locking occurs by using an oscilloscope. Meanwhile, 
we also adjusted the position of KM to optimize the cavity configuration. 
 Mode-locked Yb:LuAG ceramic thin-disk laser 
We used a 10 at.% doped Yb:LuAG ceramic thin-disk with the thickness of 160 m which 
was same disk used in the CW laser experiment. The pump source was a fiber-coupled 
LD with a center wavelength of 940 nm. the maximum launched pump power was 1 kW. 
I designed the cavity through several trial and error in both experiment and simulation. 
The experiment was conducted with the conditions of OC of 5% and GDD of 11000 fs 2. 
In general, large Intracavity GDD compare with SPM effect results long pulse duration, 
therefore mode locking is relatively easy to obtain. 
When shifting the position of CM2, multi-pulse mode-locking operation obtained at a 
very wide position, and single pulse mode locking obtained to some of them narrow 
region. There is some sort of hysteresis in the state of mode locking, and the position of 
CM2 and the state of mode locking do not necessarily have one-to-one correspondence. 
These trends were common without relying on OC and GDD. In the experiment, the 
temperature of the disk was always observed by thermal camera, and an upper limit of 
the pump power was set to the disk temperature did not exceed 120 ° C. 
OC 5% 
With the OC of 5%, the stable mode-locking operation with three values of GDD such as 
-11000, -8000, and -4000 fs2. Figure 5.36 shows the autocorrelation trace and oscillation 
spectra corresponding to each GDDs. Table 5.5 summarize the result of three cases. With 
the -4000 fs2 GDD, the highest output power of 13 W at 135 W pumping was obtained. 
The repetition rate of 55.8 MHz gives the pulse energy of 236 nJ and the peak power of 
1.56 MW corresponding to intracavity peak power of 31.2 MW. 
The result that the spectrum became broader and pulse width became shorter as GDD 
decreased was expected behaviour from the theory of soliton mode-locking.  
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Figure 5.36. Autocorrelation traces and oscillation spectra of KLM Yb:LuAG 
ceramic thin-disk laser (OC5%). 
OC 0.3% 
Next, OC was set as small as 0.3% in order to obtain shorter pulse duration. At this time, 
mode-locked operation was obtained with GDD of -4000 fs2 and 2000 fs2. The results are 
shown in Fig. 5.37. In the CW operation, the maximum output power was 3W 
corresponding to intracavity average power as high as 1 kW. However, at such a power 
level, mode locking doesn’t obtain, and as the mirror CM2 was shifted, the output 
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decreases. To stabilize the mode locking was comparatively easy. This is probably due to 
the high intracavity power and the low linear loss led by low output coupling rate. 
With the GDD of -4000 fs2, the average output power was 580 mW corresponding to 
the intracavity average power of 193 W. A pulse duration was 123 fs. 
When GDD was decreased to -2000 fs, the shortest pulse width was obtained when the 
output was 730 mW (243 W in the cavity), which was 88 fs. At this time, the spectral 
width was 15 nm and the time bandwidth product was 0.373. This spectral width was 2.5 
times broader than the fluorescence spectral width of Yb: LuAG, which indicates that the 
cavity produced very high modulation depth as intended in the design. Figure 5.38 shows 
the oscillation spectra with log plot. The spectrum has a CW component near the peak of 
spectrum, and the power ratio of mode locking and CW component calculated from 
spectrum power distribution was 23: 1. This can be said to be high enough. 
 
Figure 5.37. Autocorrelation traces and oscillation spectra of KLM Yb:LuAG 
ceramic thin-disk laser (OC0.3%). 
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Figure 5.38 Oscillation spectra in log scale. 
Compared with the bulk mode locking results, the pulse duration is almost the same at 
first glance, but the canter wavelengths were different as 1048 nm and 1030 nm. Since 
the gain bandwidth of the 1048 nm band is broader, it is much easier to obtain short pulses. 
Conversely, in order to generate pulses of 100 fs or less with a narrow band material such 
as Yb: LuAG, it is necessary to decrease the output to such level. This material is useful 
when aiming at high power with a pulse duration of approximately 150 fs, corresponding 
to bandwidth of about 1.5 times of the fluorescent bandwidth. 
Figure 5.39 shows the RF spectrum during 88 fs mode-locked operation. (a) shows the 
fundamental beat note, and (b) shows the higher order beats up to 600MHz. The range on 
the horizontal axis of (a) is only 8 kHz, which is a very narrow line width as the 
unsterilized laser. The extinction ratio is more than 60 dB. The amplitudes of higher order 
components are aligned.  
 
Figure 5.39. RF spectra of KLM Yb:LuAG ceramic thin-disk laser 
From those spectra, it was clear, stable single pulse mode-locked operation. From the 
extinction ratio and bandwidth of pedestal, the RMS of the amplitude of each pulse can 
be calculated as follows [133].  
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where, PD/PA is extinction ratio of fundamental beat note, fA is FWHM of pedestal, and 
fres = resolution bandwidth. From this equation, the calculated RMS of our laser is 0.4% 
which is sufficiently low. 
The blue light leaking 
When mode-locking with a spectrum width of more than approximately 12 nm was 
obtained, the blue light was observed from the backside of the HD mirror coaxially with 
the leakage light of 1030 nm (Fig 5.40). The third harmonic light of around 1000 nm will 
became about 350 nm at long, which is too short for blue. Therefore, it was speculated 
that it is the second harmonic generation of fundamental wavelength of around 950 nm. 
When measuring the transmission spectrum of the HD mirror, it was found that there was 
a transmission peak at around 960 nm with transmittance of about 10% (Fig. 5.41). 
Actually the peak was sharper, since the resolution of OSA was set to 2 nm in order to 
improve the S/N.  
From this, it was inferred that the 960 nm component, which is the tail blue side of the 
broaden spectrum, leaked out, and the second harmonic wave was generated by the mirror 
thin film or the substrate. 
 
Figure 5.40. Leaked blue light. 
Figure 5.41. Transmittance spectra of HD mirror 
Stress-induced depolarization 
During the mode-locked operation, strong reflected light from KM was observed. Since 
KM is inserted at Brewster's angle, reflected loss should generally be negligible. Figure 
5.42 shows the measured results of the intensity of each reflected light at mode-locked 
operation with OC of 0.3%. As a result, a total of the reflected light reached as large as 
4.34 W in spite of the output of 0.525 W. This corresponds to 2.48% of the cavity loss. 
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When each output was divided into a p-polarization and s-polarization by PBS, the 
ratio of s-polarized laser reached as much as 77%. This indicates that somehow 
depolarization occurs inside the cavity, causing the reflection loss at KM, the only 
polarization-sensitive element in the cavity. The output was p-polarized with polarized 
ratio of 95% or more. 
The transmission elements in the cavity were only the disk and Kerr medium. The first 
assumption is stress-induced birefringence caused by heating thin-disk. Therefore, in 
order to measure the amount of thermally induced depolarization, the dependence of the 
reflection loss on the maximum temperature on the disk was measured. At this time, the 
laser was operated in CW oscillation. Figure 5.43 shows the reflected power from one 
side of the KM as a function of disk surface temperature. As a result, contrary to the 
expectation, it was found that the reflectance is almost independent of the disk 
temperature. From this measurement, it is considered that static residual stress causing 
depolarization is probably present in the disk or KM. Since the loss hardly changed even 
if the position of the laser beam on KM was changed, the residual stress on the disk is 
considered to be the most promising cause of depolarization. Perhaps it is related to the 
fact that the surface shape of the disk is saddle shape and/or that it is heated when the disk 
was glued on the heat sink. In the case of Yb: Lu2O3 ceramic thin disk, the reflection loss 
was not so large, therefore this problem was unique to this Yb:LuAG ceramic disk.  
When the depolarization loss is eliminated, mode locking can be obtained with the 
same pulse width and the same intracavity power at OC of about 2.2% even at the same 
modulation depth.  In such case a simple calculation should yield a pulse width of 88 fs 
and an output of 5.4 W. Furthermore, if GDD is decreased while OC is kept at 0.3%, a 
shorter pulse width should be able to be obtained if the bandwidth of the HD mirror was 
sufficient. Fig. 5.44 shows autocorrelation trace and oscillation spectrum of reflected laser. 
The pulse duration was about the same as the output pulse from OC, and strong fringe 
was observed in the spectrum due to the reflected light of the two surfaces of KM. The 
optical path length difference calculated from the fringe is about 2 mm, which is indicated 
to the thickness of KM. 
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Figure 5.42. Measurement result of reflection losses at KM. 
 
Figure 5.43. Temperature dependency of reflection losses. 
 
Figure 5.44. Autocorrelation trace and spectra of reflected light from KM. 
 Mode-locked Yb: Lu2O3 ceramic thin-disk laser 
For mode-locking experiments, two 120 m thick disks #2 and #3 were used. The disk 
#2 was broken during the experiment. When the disk broke, the intracavity average power 
reached as high as 1 kW, and it was damaged during alignment, it seems that it was 
damaged by the large Q-switch pulse. the disk temperature was 110˚C The damaged disk 
was bounced off from the heat sink. A micrograph of the broken part of the disk fragments 
is shown in the Fig. 5.45. (a) and (b) are the front side (AR side) and (c) and (d) are the 
backside (HR side). The surface becomes black, and it can be seen that the multilayer thin 
film of the HR coat is broken due to the impact on the back side (see (c)). From the above, 
it is considered that the coating on the surface side was damaged by the high electric field 
intensity, and the entire disk was broken by its impact. 
It is thought that this destruction was not caused by stress due to thermal expansion 
but caused by coating or surface condition. Therefore, it is difficult to discuss the 
mechanical strength of Yb:Lu2O3 ceramic at high power from this case. Since the coating 
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we use is a vacuum deposition method, the coating strength is lower than other methods 
such as ion beam sputtering (IBS). 
 
Figure 5.45. Micrograph of damaged disk #2. 
The following results were obtained with thin-disk #3. The disk #3 has not been 
destroyed to date. 
Results 
The cavity setup was almost same with the Yb:LuAG ceramic KLM laser (Fig. 5.34). 
However, the pump LD was replaced to the one with the center wavelength of 976 nm. 
Following the ABCD matrix calculation, Kerr-lens mode-locking experiments were 
conducted by setting L2 and L3 around 300 mm and 230 mm, respectively.  
OC 2% 
Figure 5.46 show the SHG autocorrelation traces and oscillation spectra with the GDD of 
-2000 fs2/roundtrip and 2% OC. The slit width was 3.8 mm. 
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Figure 5.46. Autocorrelation trace and oscillation spectra of KLM Yb: Lu2O3 
ceramic thin-disk laser (OC 2%). 
At 135 W pumping, a pulse duration of 98 fs with an average output power of 3.7 W 
was obtained. The spectrum bandwidth was 12 nm and the time-bandwidth product was 
0.326, which means that the output pulse was almost Fourier transform. Figure 5.47 
shows the pulse train measured by a high-speed photodiode and an oscilloscope. No 
multi-pulsing were confirmed at least in this measurement. The repetition rate measured 
from this was 55.3 MHz. The pulse energy and the output peak power were calculated to 
67 nJ and 694 kW, respectively. We can obtain the mode-locking at several range of pump 
powerfrom about 110W to 135W. However, output pulses had almost same characters 
even if the pump power decreased because the steady-state of the circulating pulse was 
mainly determined by cavity configurations.  
    
Figure 5.47. Pulse train. 
Figure 5.48. Temperature distribution. 
Figure 5.48 shows the temperature distribution of the thin-disk surface during the 97 
fs mode-locking operation at 135 W pumping. The pump density was 3.3 kW/cm2. 
Temperatures of the chiller water and room air conditioner were set to 22 ˚C. As you can 
see, only the pump region on the disk has a temperature rise. The maximum temperature 
was 102 ˚C. Even at such high temperature, any damage or irreversible deforming of the 
disk were not observed. If we use a diamond heatsink instead of a copper heatsink, the 
temperature rising of the disk will be more moderate. 
 
Chapter 5. Development of mode-locked ceramic thin-disk lasers 
Shotaro Kitajima– May 2019   89 
OC 0.3% 
When the OC and the slit width were changed to 0.3 % and 3.5 mm, a shorter pulse 
duration of 86 fs was achieved with a reduced average output power of 360 mW at 120 
W pumping. This pulse duration was the shortest pulse duration in this experiment. Figure 
5.49 shows the Autocorrelation trace and oscillation spectrum. Due to the low output 
coupling rates, the optical to optical efficiency was as low as 0.3 %. Figure 5.50 shows 
the log-scale oscillation spectra. As shown from this, the CW peak component appeared 
in the spectrum. The power ratio of pulse mode and CW mode calculated from spectrum 
was about 18:1. Theoretically, reducing the total amount of GDD in the cavity further 
shortens the pulse duration. However, in our experiment, we could not get a stable mode-
locked operation with the GDD less than -2000 fs2 per roundtrip in any case. Possible 
reasons for this limitation are the lack of GDD bandwidth of the HD mirror and/or 
insufficient modulation depth produced by the Kerr-lensing. The HD mirror we used has 
an effective bandwidth from about 1020nm to 1070nm (see Section 6.4.3), which may be 
difficult to support pulse duration below 50 fs. Therefore, to obtain further shorter pulses, 
it is necessary to use broader bandwidth HD mirrors. Also, since the gain is reduced due 
to the thinness of the disk, stable mode-locking with OC of 5% or more could not be 
obtained. By passing the laser beam multiple times on the disk, it is possible to use such 
a high OC. 
 
Figure 5.49. Autocorrelation trace and oscillation spectra of KLM Yb: Lu2O3 
ceramic thin-disk laser (OC 0.3 %). 
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Figure 5.50. Oscillation spectra of KLM Yb: Lu2O3 ceramic thin-disk laser in log 
scale (OC 0.3 %). 
 Damage to optics 
In experiments, damages to Kerr medium and HD mirrors were sometimes observed. 
These damages occurred during alignment and did not occur when the cavity was not 
touched. From this, it is understood that the damage caused by the large Q-switch pulse 
led by fluctuation of the cavity. The frequency of damage at HD mirror was larger than 
the KM.  Fig. 5.51 shows the microscope photograph of the damage on the HD mirror. 
Once the damage occurred, the output power dropped dramatically, and a beam profile 
will be distorted as shown in the figure 5.52 was obtained. The mode locking in this state 
was impossible. To prevent damage, diameter at HD mirror side should be enlarged by 
optimal cavity design. Also, since it is often caused by dust in the air, it is also important 
to cover the cavity and to keep the surface of the mirror clean. Since large perturbation to 
initiate mode locking also causes damage, it is necessary to start mode locking in the 
gentle by applying weak vibration to the mirror by using piezo devise. It is noted that 
there was no critical damage onto the thin-disk or other mirrors.  
 
Figure 5.51. Damages on the HD mirror. 
 
Figure 5.52. Mode changing induced by optical damage. 
  Demonstration of geometrical power scaling 
As discussed in Section 4.3.2, with the Z-shape resonator, by increasing the ROC of the 
two concave mirrors at focusing section, it is possible to increase the maximum peak 
power which maintains the stable mode-locking, resulting the power scaling [19]. 
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Therefore, I applied this scaling law to my experimental cavity and aimed for even 
higher output power.  The basic structure of the cavity was the same as in Fig. 5.20, but 
the ROC of CM1 and CM2 were changed to 750 mm. 
At first the cavity was set with OC of 5% and GDD of -4000 fs2 which was the 
combination that got the highest output power in the case of 500mm ROC cavity. As a 
gain medium, Yb:LuAG ceramic thin disk was used. With this setup, the average output 
power of 16.1 W at 124W pumping and pulse duration of 161 fs was obtained. The 
autocorrelation trace and oscillation spectra are shown in Fig. 5.53. The repetition rate 
was 48 MHz. The calculated peak power was 2.1 MW. The TBP was 0.521, which is 
strangely large. The reason was not clear now, but maybe it was occurred by artificial 
error of SHG autocorrelation measurement. If transform limited was obtained, the pulse 
duration had been 97 fs. 
 
Figure 5.53. Autocorrelation traces and oscillation spectra of KLM Yb:LuAG 
ceramic thin-disk laser (ROC = 750 mm, OC 5%). 
With the OC of 2% and GDD of -2000 fs2, the pulse duration of 112 fs with output 
power of 4.3 W was obtained (Fig 5.54).  
 
 92  Shotaro Kitajima –May 2019 
Figure 5.54. Autocorrelation traces and oscillation spectra of KLM Yb:LuAG 
ceramic thin-disk laser (ROC = 750 mm, OC 2%). 
Although higher output peak power was achieved compared with the case of 500 mm, 
the change was smaller than expected. However, since the cavity configuration is still 
insufficiently optimized, I can aim at further higher output in the future. 
5.7 Summary 
In this chapter, characteristics measurements and laser oscillation experiment were 
carried out with two types of Lu base oxide ceramics, aiming the first demonstration of 
high power mode-locking operation in ceramic thin-disk architecture. In laser 
experiments with the bulk materials, 100 fs scale, Watt class mode-locked operation was 
realized with each material, but the average output power was limited by the launched 
pump power.  
Table 5.7. Summary of KLM ceramic bulk lasers. 
Architecture Yb:LuAG ceramic Yb:Lu2O3 ceramic 
Average power (W) 2.20 1.64 1.75 1.37 1.14 
Pulse width (fs) 198 91 143 107 124 
Repetition rate (MHz) 82 82 85 85 85 
Peak power (kW) 0.135 0.220 143 150 108 
Pulse energy (nJ) 27 20 21 16 13 
Efficiency (%) 23 17 13 10 8.4 
Center wavelength (nm) 1048 1034 1078 1075 1038 
 
Thin-disks with two materials were fabricated by using a new developed gluing 
method of thin-disk onto heat sink. In the CW laser oscillation experiment, the operation 
with pump density over 5.5 kW/cm2 was achieved for both materials. This value is 
equivalent to that of commercially available Yb: YAG thin disk. In order for thin-disk to 
have necessary damage resistance, it is necessary that all of material, polishing state, 
coating, and bonding satisfy a certain quality. Even if one of them is inferior, the damage 
tolerance will be determined accordingly. It was proved that the thin-disk manufactured 
in our laboratory has sufficient quality through this CW oscillation experiment. From the 
result of temperature measurement, it was suggested that it can withstand higher pump 
density. 
In mode-locked oscillation experiments, stable single-pulse KLM operations were 
realized with both material disks. In order to demonstrate that our ceramic thin-disk can 
be used as the world's most advanced mode-locked laser like a single crystal thin-disk, 
cavity design inevitably requires the world's most advanced level. Therefore, in this 
research, cavity was designed via ABCD matrix calculation to enable KLM operation 
with high average output, and laser oscillation. Table 5.8 shows the results of KLM 
operation with two material disks. 
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Table 5.8. Summary of KLM ceramic thin-disk lasers 
Gain medium Yb:LuAG ceramic Yb:Lu2O3 ceramic 
Average power (W) 16.1 13 0.73 3.7 0.36 
Pulse width (fs) 161 151 88 98 86 
Repetition rate (MHz) 48 55.7 55.8 55.3 55.3 
Peak power (MW) 2.08 1.55 0.149 694 76 
Pulse energy (nJ) 335 233 13 67 6.5 
Efficiency (%) 12.9 9.6 0.5 2.7 0.3 
Peak intensity on the 
disk (GW/cm2) 
1.6 1.9 1.2 1.3 0.97 
 
From these results, it was shown that Yb:LuAG ceramic can be used as high power 
laser gain media, and even sub-100 fs pulses can generate from this material. In both bulk 
and thin disk geometries, KLM operation was the first demonstration, especially thin-disk 
laser realized a high output power of 16 W with a short pulse duration of 161 fs. Yb:LuAG 
is not suitable for ultrashort pulse duration of sub-100 fs from its narrow fluorescence 
spectrum bandwidth, but it is possible to oscillate with high efficiency without receiving 
its disadvantage if the pulse width is about 150 fs. It is also possible to obtain output of 
100 W classes by combining scaling and multi-passing in the future. Since stable laser 
oscillation was confirmed even at a temperature of 180 ° C during the CW laser oscillation 
experiment, it is possible to further increase the pump intensity.  
In regards to Yb:Lu2O3 ceramic, it was demonstrated that mode-locked operation is 
possible even in the region of watt or more, and has characteristics comparable to those 
of single crystals. However, although it was possible to obtain a short pulse width of less 
than 100 fs, it could not be said that it was able to provide sufficient material potential. 
This is thought to be a problem caused by the cavity configuration, not due to the material. 
The peak intensity on disk was 1.3 GW/cm2, 0.97 GW/cm2 for the two setups, 
respectively. The state-of-the-art results of the KLM laser using single crystal Yb:Lu2O3 
demonstrated 1.2 GW/cm2 with OC 2.7% [33], indicating that our disk has almost 
equivalent resistance for peak intensity. 
In the future, we will exploit the advantages of ceramics and also develop large 
diameter disk lasers. And also, only high-repetition rate laser was demonstrated in this 
work, so it is necessary to demonstrate with high pulse energy and high peak power such 
as regenerative amplifiers in the future. 
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 Yb:CaF2-LaF3 ceramic 
6.1 Introduction  
Calcium fluoride (CaF2) is a solid crystal composed of calcium and fluorine. The crystal 
structure is a so-called fluorite type, the space group is Fm3-m, and because it is a cubic 
system, it has optical isotropy. Figure 6.1 shows the crystal structure of calcium fluoride. 
 
Figure 6.1.Crystal lattice structure of CaF2 
It has very broad transmission band from UV to mid-IR (130 nm-8m). Due to its 
small chromatic dispersion and anomalous partial dispersion, it was used as lens for 
camera or specific telescopes. 
Calcium fluoride is one of the materials studied as a laser medium from the oldest 
because it is a transparent crystal produced as natural. In 1960, oscillation of U3+:CaF2 
laser, the world’s second laser oscillation next to ruby, was reported [40]. Also, the 
world’s first ceramic laser was based on the Dy3+-doped CaF2 ceramics fabricated by 
cold-pressing method [47]. When the Nd-ion was the main player of high power lasers, 
CaF2 had not studied widely due to its strong concentration quenching with Nd-ion and 
instead of that, oxide-based media such as YAG became the leading role. In around 2000, 
with the development of high power pump LD, high efficiency and high power laser 
oscillation of the Yb-doped solid state laser became possible, and due to the dramatic 
progress of the study of the mode-locked laser, CaF2 was attracted again as a Yb-ion host 
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material [69]. The broad and smooth fluorescence spectrum is the most attractive 
characteristic of Yb: CaF2. Figure 6.2 shows the fluorescence spectrum and absorption 
spectrum of Yb: CaF2 (single crystal) [134]. 
 
Figure 6.2. Absorption and emission spectra of Yb:CaF2 single crystal [134]. 
The fluorescence spectrum of Yb: CaF2 has a bandwidth of about 80 nm in FWHM, 
and wide wavelength tuning of 1000 nm to 1080 nm or more has been reported in tunable 
oscillation experiment [134]. As described in Section 2.6, since the bandwidth of the 
fluorescence spectrum becomes very important for obtaining short pulse duration in the 
mode-locked laser, Yb: CaF2 is considered to be one of the Yb-medium which can 
generate shortest pulse duration. As a mode-locked laser using a bulk shape media, the 
first Yb: CaF2 mode-locked laser was reported with an average output power of 880 mW 
and pulse duration of 150 fs in 2004 [135]. By using the Yb-fiber laser as the pump source, 
the average output power of 2.73 W and pulse duration of 48 fs, the maximum average 
output power in the sub-50 fs mode-locked laser, was reported [136]. By using direct LD 
pumping, the average output power of 1.4 W with the pulse duration of 87 fs was also 
reported [137]. Since Yb: CaF2 has a long fluorescence lifetime of 2.4 ms, it is also useful 
as a gain medium for ultrashort pulse amplifiers. A multi pass amplifier with a pulse 
energy of 197 mJ, a pulse width of 192 fs, a repetition frequency of 1 Hz, and a peak 
power of 1 TW has been reported in 2008 [138]. 
Studies as a medium for thin-disk lasers have been conducted, with great effort in spite 
of its fabrication difficulty. It has been reported that the average output power of 250 W 
with the slope efficiency of 47% in the multimode operation CW laser, and 13 W during 
single mode operation [139]. For mode-locked Thin-disk lasers, average output power of 
17.8 W, with 285 fs pulses has been reported [140]. 
The most famous competitor as a broadband Yb material is Yb:CALGO. Compared to 
Yb:CALGO, Yb:CaF2 is nearly equal in spectral bandwidth and slightly inferior in 
thermal conductivity However, Yb:CALGO is a difficult material to fabricate, and no 
sample with sufficiently small scattering and absorption loss in the crystal has been made 
at present, so high power results have not been reported as thin-disk lasers. CaF2 can make 
crystals with large aperture with relatively high quality due to the simplicity of its crystals 
structure, but due to the difficulty of polishing it has not been studied as thin-disk. 
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6.2 Yb:CaF2 ceramics 
As described above, Yb: CaF2 has promising characteristics, but due to its deliquescent 
property, the large thermal expansion coefficient, and the strong cleavability, it is difficult 
to polish thinly. This is a major reason why Yb:CaF2 have not been studied widely as 
thin-disk laser. Therefore, researches have been made to utilize it in a wide range of 
applications by ceramizing it. The advantages of the ceramic laser medium are as 
described in section 2.2. Table 7.1 summarizes the previous reports on Yb:CaF2 ceramic 
lasers. 
Table 6.1. Previous reports of Yb:CaF2 ceramic laser 
 [141](2013) [142](2013) [143](2015) 
Max. output power 1.09 W 1.2 W 1.6 W 
Slope efficiency 35.3% 35% 42.7% 
doping concentration 3 at.% 5 at.% 4.5 at.% 
fabrication method HIP Hot-forming New 
method 
 
The report on the table left [141] is our lab’s report. Our lab has been developing 
Yb3+:CaF2-LaF3 ceramics in collaboration with Nikon Corporation. The report on the 
right side of the table [143] is the newest result carried out in 2015, and high-quality laser 
oscillation characteristics that are settled on a single crystal are realized. All groups obtain 
translucent CaF2 ceramics by different fabrication methods. Our method is based on a 
method called hot isostatic press (HIP) method [144].  
Here, he fabrication flow is briefly described. Figure 6.3 shows the flow chart of our 
method.  
First, nanocrystal powder of CaF2 and two types of rare earth fluorides RE1F3 and 
RE2F3 are prepared. In our method it is possible to dope any two kinds of rare-earth ions 
in CaF2 ceramics. In this study, we used a La (lanthanum) ion and Yb-ion. Details on the 
reason for doping La-ion is described later. These nanocrystals are prepared by reacting 
a compound containing calcium or a rare-earth as a precursor with a fluorine compound 
in an aqueous solution. The average powder diameter of these nanocrystals has a great 
influence on the properties of the finished ceramic. In our method good quality 
microcrystals with an average grain size of 100-200 nm are obtained.  
After that, three types of fluoride nanocrystal particles such as CaF2 and two types of 
rare-earth fluorides was mixed by wet mixing process. A mixture of fluoride nanocrystals 
is primary sintered at 750 to 900 degree in air. The secondary sintering by the HIP method 
is carried out at 700 to 1000 degree in an inert atmosphere. Those sintering temperatures 
are relatively lower than a sintering temperature of typical transparent oxide ceramic 
which is around 1400 ˚C. 
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Figure 6.3. Fabrication method of CaF2 ceramic with two kinds of rare earth ions. 
Figure 6.4 shows the SEM image of the CaF2 ceramic fabricated by the above method. 
As can be seen, a very thin grain boundary and defect-free high quality ceramic is formed. 
The average grain size of the grains in the ceramic is about several m. In the case of 
single crystal, CaF2 has strong cleavability which degrades the mechanical toughness, 
becoming more susceptible to damage as a laser gain medium. However, in the case of 
ceramic CaF2, because the crystal axes among each grain are randomly oriented, it is 
expected to improve the mechanical toughness. This is one of the large advantages to 
develop a CaF2 ceramic gain medium. 
 
Figure 6.4. SEM image of 3 at.% Yb-doped CaF2-LaF3 ceramic.  
Figure 6.5 shows a photograph of the samples of Yb:CaF2-LaF3 ceramics. We 
fabricated many samples with different doping concentrations from 1at.% La3+, 1at.% 
Yb3+-doped to 6at.% La3+, 6at.% Yb3+-doped to identify the optimum doping 
concentrations. Each sample has approximately the same diameter and thickness, about 
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14 mm and about 3.2 mm respectively. Some of those samples in this picture were cracked 
during the laser experiment due to thermal damages.  
 
Figure 6.5. Yb:CaF2-LaF3 ceramic samples. 
 Co-doing of Lu3+ and its effect 
 
Figure 6.6. Hexametric cluster. 
Due to the difference in ionic valence between the trivalent rare earth ion and the host 
cation of CaF2, some form of charge compensation is required to maintain electrical 
neutrality in the crystal lattice. For low doping concentrations up to about 0.05 at%, 
charge compensation is mainly achieved by isolated dopant ions and interstitial fluoride 
ions. As the increasing of doping concentration above 0.05 at.%, multiplex rare-earth ions 
aggregate and form the cluster. In particular, at doping concentrations greater than about 
1 at.% with small radii rare-earth ions, such as Er3+, Tm3+ and Yb3+, large complex cluster 
which called ‘hexametric cluster’ will dominate (Fig. 6.6) [68]. Although these clusters 
have an effect of broadening the spectrum, they also cause a decrease in quantum 
efficiency due to interatomic interaction. As a solution to this problem, a fluoride solid-
solution as a host material has been studied [145-147]. In general, fluorite structure 
material MF2 (M = Ca, Sr or Ba) and rare-earth tysonite structure material ReF3 (Re = Y, 
La or Gd) can form a heterovalent solid-solution [148]. It is expected that solid solutions 
of CaF2 and optically inactive rare-earth fluorides such as LaF3 or YF3 can dissolve rare-
earth ion’s clusters and improve the quantum efficiency. It is known that rare earth ions 
with a large ionic radius such as La3+ are different from Yb3+-ions and it is difficult to 
form complex clusters [68]. 
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If charge compensation within the crystal system is not sufficient, a divalent Yb2+-ions 
tend to appear. The divalent Yb2+ -ions in the CaF2 lattice has large UV absorption bands 
at below 400 nm which causes non-radiative losses and the parasitic thermal load by 
multiphoton absorption. These ions are also called color centers and are responsible for 
concentration quenching of Yb doping [149]. Previously, to prevent the forming of 
divalent Yb2+, co-doping of monovalent ions such as Na+ has been used [150]. However, 
according to our experiments, it appears that even fluoride solid solution as described 
above also can decrease the formation of Yb2+. Figure 6.7 shows the in-linear 
transmittance spectra of our 1at.% Yb-doped CaF2 ceramics with different concentration 
of LaF3 (1 at.% ~ 3 at.%). For comparison, spectra of Yb:CaF2 single crystal with two 
different doping concentration of 0.88 at.% and 2.88 at.% with a thickness of  2.9 mm are 
also shown. The divalent Yb2+ ions in CaF2 have a characteristic absorption band at 365 
nm [151]. It is clearly shown that an amount of Yb2+ in the ceramics was suppressed as 
LaF3 concentration increases. Although we have not yet understood the precise 
mechanism, it is expected to be due to the prevention of aggregation of Yb ions by LaF3 
doping. The decreasing of the overall transmittance of ceramics in the left graph is caused 
by Rayleigh scattering. It should be noted that in our method it is impossible to achieve a 
completely transparent ceramic without LaF3 doping. 
 
Figure 6.7 Absorption spectra of Yb3+:CaF2-LaF3 ceramics and Yb3+:CaF2 single 
crystal at near 365 nm (left) and those near IR region (right).  
 Optical properties 
The absorption and emission cross section spectra of Yb:CaF2-LaF3 ceramics with 
different combinations of doping concentrations are shown in Fig. 6.8 and 6.9, 
respectively. Figure 6.10 shows the change of the both cross sections at 975 nm as a 
function of Yb-ion doping concentrations. As a pump source, a fiber coupled LD with a 
center wavelength of 910 nm was used. The fluorescence spectrum shape strongly 
depends on the doping concentration of Yb-ions. As the Yb-ion doping concentration 
increases, the fluorescence spectrum shape becomes broader and smoother due to the 
crusting effect of Yb ions. This behavior can be seen in a single crystal as well. Along 
with this, the peak value of the emission cross section decreases from 1.5 × 10-20 cm
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(1%La1%Yb) to 0.70 × 10-20 cm
2 (6%La6%Yb). The La ion doping concentration also 
affects the spectrum shape, but the change is small.  
 
Figure 6.8.Emission spectra of Yb:CaF2-LaF3 ceramics. 
 
Figure 6.9 Absorption spectra of Yb:CaF2-LaF3 ceramics. 
 
Figure 6.10. Change of the both cross sections at 975 nm as a function of Yb-ion 
doping concentration. 
The fluorescence lifetime of Yb:CaF2-LaF3 ceramics were also measured. Samples 
milled into powders were measured to reduce the effect of reabsorption. The pump source 
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was a fiber coupled LD with a center wavelength of 910 nm. Figure 6.11 shows the one 
of the decay curve of lifetime measurement. Table 8.2 shows measured value of all 
samples. As both Yb-ion and La-ion doping concentrations increase, the fluorescence 
lifetime becomes a little shorter from 2.2 ms (1%La1%Yb) to 2.0 ms (3%La3%Yb). They 
are comparable to the single crystal lifetime of 2.4 ms [68].  
 
Table 6.2. fluorescence lifetimes of Yb:CaF2-LaF3 ceramics 
 
Figure 6.11. fluorescence decay curve of Yb:CaF2-LaF3 ceramics. 
 Thermal conductivity 
Figure 6.12 shows thermal conductivities of Yb:CaF2-LaF3 ceramics and Yb:CaF2 single 
crystals as a function of Yb-ion doping concentration. Each physical property for 
calculating the thermal conductivity were measured by different measurement each other. 
The heat diffusivity, the heat capacity and the density were measured by a flash method, 
a differential scanning calorimetry (DSC) method and an Archimedes method, 
respectively. Generally, the thermal conductivities of laser gain media decrease rapidly 
by doping of ions. Especially, the thermal conductivity of Yb:CaF2 decreases  more 
dramatically compared with typical oxide crystals due to Yb clusters formation in CaF2 
crystal lattice, causing a strong inhibition of heat transfer. In our measurement, single 
crystal has higher thermal conductivity than ceramic with 1% La ions in the case of 0% 
Yb-doping. However, when the Yb-ion doping concentration increases, the difference 
between single crystal and ceramics reduced. It supports the assumption that co-doping 
of La-ion reduces the formation of Yb-ion aggregation in the crystal.  
 
Yb (at.%) 
1 2 3 
La 
(at.%) 
1 2.2  2.2  2.1 
2 2.1  2.1  2.0 
3 - - 2.0 
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Figure 6.12. Dependency of thermal conductivity of Yb:CaF2-LaF3 ceramic and 
Yb:CaF2 single crystal on the Yb3+-doping concentration. 
Table 6.3.Thermal properties of Yb:CaF2-LaF3 ceramics 
 Thermal 
conductivity 
W(m ∙ K)−1 
Thermal 
diffusivity 
mm2s−1 
Specific heat 
capacity 
 J(g ∙ K)−1 
Mass 
density 
g/cm3 
1L1Y 5.27±0.03 1.79±0.01 1.26±0.01 3.2856 
1L2Y 4.82±0.03 1.72±0.01 1.44±0.04 3.3258 
1L3Y 4.10±0.03 1.48±0.01 0.85±0.01 3.3870 
2L1Y 5.47±0.04 1.68±0.01 0.88±0.01 3.3036 
2L2Y 4.38±0.04 1.34±0.01 1.37±0.03 3.3407 
2L3Y 3.93±0.02 1.21±0.01 1.26±0.01 3.3938 
6.3 CW operation of Yb: CaF2-LaF3 ceramic bulk laser 
Figure 6.13 shows the experimental setup of CW of Yb: CaF2-LaF3 ceramic laser. The 
cavity was based on simple two-mirror, I-shaped setup. As the pump source, a VBG-
locked fiber coupled LD with a center wavelength of 976 nm was used. The maximum 
launched pump power was 30 W. the core diameter of the coupling fiber was 105 m. 
The OC has a transmittance of 5% with a ROC of 50 mm. The absorbed pump power at 
gain media was estimated from the residual pump power Pres behind the OC.  The sample 
was mounted in a cupper holder and water cooled to 18 ˚C.  
 
Figure 6.13. Setup of CW Yb:CaF2-LaF3 ceramic laser 
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Figure 6.14. Output power of (a) 1 at.% Yb doped, (2) 2 at.% Yb doped and (3) 3 
at.% Yb doped CaF2-LaF3 ceramic laser versus absorbed pump power. 
Figure 6.14 shows the input/output properties of 9 samples as a function of absorbed 
pump power. We confirmed laser operation even with 6 at.%La, 6 at.%Yb doped sample, 
but the slope efficiency could not be measured accurately because it tended to break by 
thermal damage. A 3at.%La, 1at.%Yb sample marked the highest slope efficiency of 
69.5% and a 3at.%La, 2at.%Yb sample marked the highest maximum output power of 
4.36 W under an absorbed pump power of 9.0 W, corresponding to a laser slope efficiency 
of 55.3%.  As can be seen from Figure, the slope efficiency decreases when the Yb-ion 
doping concentration rises. In contrast, with the La-ion doping concentration rising, the 
slope efficiency slightly increases.  These results can be explained by suppression of Yb2+ 
formation due to LaF3 doping. The reason why the maximum absorption pump intensity 
varies depending on the doping concentration of Yb-ions is due to the difference of 
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absorption coefficient. In the conclusion, the sample with a 3%La, 2%Yb-doping is the 
best for efficient laser oscillation under the constraint thickness of about 3 mm. A low 
Yb-ions and high La-ion doped sample such as 3La1Yb sample with large thickness will 
be also good for efficient laser. In this case a high-brightness pump source will be required 
to obtain sufficient mode-matching between the pump beam and the laser mode in the 
medium.  
6.4 Mode-locked Yb: CaF2-LaF3 ceramic bulk laser 
 Setup 
 
Figure 6.15. Setup of SESAM mode-locked Yb:CaF2-LaF3 ceramic laser 
Figure 6.15 shows the setup of mode-locked laser. As a pump source, a broad stripe, 
single emitter LD with a center wavelength of 975 nm was used. The maximum launched 
pump power was 11 W. The pump beam was shaped and focused in a gain media by four 
lenses. The cross sectional size at the focus point was about 20 (vertical) × 100 
(horizontal) µm2 in air. The setup was based on Z-shape cavity. However, SESAM-ML 
was adopted instead of KLM due to low-nonlinear refractive index of CaF2. As a mode-
locker, SESAM having 0.6% modulation depth was used. Laser beam was focused on a 
SESAM by strong Z-shape cavity asymmetry instead of additional concave mirror. As a 
gain media, we employed 2%La, 3%Yb –doped CaF2 ceramic with the thickness of 6 mm. 
A gain media was inserted between two concave mirrors M1 and M2 which had a ROC 
of 100 mm. To compensate the GDD in the cavity, a pair of SF10 prisms was inserted 
with the distance of 35 cm (-4000 fs2). The transmittance of OCs was adjusted from 0.3% 
to 7.5%.  
 Result 
Figure 6.16 shows the SHG autocorrelation trace and an oscillation spectrum 
corresponding to the 1% OC cse. A sech2-fit pulse duration of 184 fs and a FWHM of 
oscillation spectra of 6.6 nm were obtained. The time-bandwidth product was 0.338. The 
average output power was 52 mW at 11 W pumping.  There were no Q-switching 
instability or multi pulsing. When the OC was changed to 5%, maximum average output 
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power of 300 mW with pulse duration of 191 fs was obtained at 10.1 W pumping. Those 
results are, to the best of our knowledge, first demonstration of the mode-locked laser 
based on Yb:CaF2 ceramic based gain media. Since pulse duration was limited by the 
shallow modulation depth of SESAM, further improvement needs the Kerr lens mode-
locking technique. with the 5% OC, the maximum average output power of 300 mW at 
10 W pumping as well as pulse duration of 191 fs was obtained (Fig 6.17). Figure 6.18 
shows the varying of output power and pulse duration as a function of transmittance of 
OC. Whereas the output power changes largely with changes in OC, the pulse width is 
almost independent. This is because that the achievable pulse duration was limited by the 
modulation depth of SESAM. 
 
Figure 6.16. Autocorrelation trace and oscillation spectrum of ML Yb:CaF2-LaF3 
ceramic laser (OC 1%). 
 
Figure 6.17. Autocorrelation trace and oscillation spectrum of ML Yb:CaF2-LaF3 
ceramic laser (OC 5%). 
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Figure 6.18. Average output power and pulse duration as a function of transmittance 
of OCs. 
 Photo darkening-like effect 
During the ML experiment, reduction of output power occurred with most of samples. 
Especially, sudden drop of output was observed when Q-switching large pulses were 
generated during alignment. This phenomenon was conspicuous as the Yb-ion doping 
concentration was larger. The output power level was recovered by shifting the crystal 
and avoiding the point where the output dropped. Figure 6.19 shows a micrograph of the 
point where the output drops. It can be seen that only the part used for the experiment is 
colored brown. This is expected to be a phenomenon similar to photo darkening (color 
center) seen in Yb: YAG [149]. 
 
Figure 6.19. photo darkening of Yb:CaF2-LaF3 ceramic. 
 
 Comparison with the result of Yb:CaF2 single crystal 
For comparison, a mode-locking experiment using single crystal Yb: CaF2 was carried 
out in the same setup. a Yb:CaF2 with a thickness of 2.8 mm and doping concentration of 
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2.88 at.% fabricated by Hellma Inc. was used. The autocorrelation trace and the 
oscillation spectrum of the experimental results are shown in Figure 6.20. At this time, 
the average output was 1.1 W at 11 W pumping. Compared to ceramic results, the pulse 
duration was similar and the output was very high. This means that our ceramic medium 
still contains large losses. 
 
Figure 6.20. Autocorrelation trace and oscillation spectrum of ML Yb:CaF2 single 
crystal laser. 
6.5 Yb: CaF2-LaF3 ceramic thin-disk laser 
Thin disks was fabricated from Yb:CaF2-LaF3 ceramic were fabricated and CW laser 
experiment was conducted. Four disks with same thickness of 400 m and diameter of 
12 mm were fabricated from samples with different doping concentration 1La1Yb, 
2La1Yb, and 3La3Yb (two disks). Contacting on a copper heatsink was done with a 
thermo-cured adhesive. The surface of the copper used for the heatsink was not polished 
and the surface condition was not good. Therefore, there is a possibility that the gluing 
state was not good compared with other disks such as Yb: Lu2O3 ceramics. 
The setup of the single mode CW oscillation is shown in the Figure 6.21. The cavity 
was V-shape, composed of plane OC and concave HR mirror with ROC of 750 mm. Two 
types of OC were used, 0.3% and 1%. 
  
Figure 6.21. Setup of single mode CW Yb:CaF2-LaF3 ceramic thin-disk laser. 
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CW laser oscillations were confirmed with three samples, 1La2Yb and two-3La3Yb. 
However, since two samples of 3La3Yb were damaged during alignment, the output 
characteristics could not measure (Fig. 6.22).  
  
Figure 6.22. Damage on the Yb:CaF2-LaF3 ceramic thin disks 
Figure 6.23 shows the output properties of laser oscillation using 1La2Yb sample. The 
absorption efficiency should be about 70%. The slope efficiency was as low as 2.2% for 
0.3% OC and 3.1% for 1%OC. The largest possible cause is heterogeneity. In the 
experiment of bulk media, it was possible to select and use the region that oscillates with 
high efficiency, but in the thin disk, the loss value was averaged by about mm2-scale. 
Figure 6.24 shows the results of M2 measurement. M2 was 1.2 in x and, 1.5 in y. 
 
Figure 6.23. Output properties of SM operation of Yb:CaF2-LaF3 ceramic thin-disk 
laser. 
Figure 6.24. M2 measurement of Yb:CaF2-LaF3 ceramic thin-disk laser. 
A CW multi-mode oscillation experiment was also conducted. Figure 6.25 shows the 
setup. OC with ROC of 200 mm and transmittance of 1% was used. 
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Figure 6.25. Setup of multi-mode CW Yb:CaF2-LaF3 ceramic thin-disk laser. 
Figure 6.26 shows input/output properties and oscillation spectra. The maximum 
output power was 2.4 W, and the slope efficiency was 2.6%. The efficiency was low, but 
the fact that it did not broke even with pump power of 150 W shows the possibility that 
this material can be used as thin-disk laser. In the future, further improvement of the 
quality of the ceramic itself is necessary. 
 
Figure 6.26. Output properties of SM operation of Yb:CaF2-LaF3 ceramic thin-disk 
laser. 
6.6 Summary 
In this chapter, Yb:CaF2-LaF3 ceramic which is a ceramic based on Yb:CaF2 was 
fabricated, thermal and optical characteristics were measured, and laser oscillation 
experiment was conducted. 
In the thermal conductivity measurement, it was shown that our ceramic has the almost 
same value as single crystals. In the measurement of optical properties, a unique 
phenomenon due to the co-doping of La-ions was confirmed. Especially, it is an important 
result to demonstrate that the Yb2+ ion is decreased by the transmittance measurement. In 
the CW laser oscillation experiment, the characteristic that the laser oscillation efficiency 
improves as the La-ion concentration increased was measured. We also demonstrated the 
0
0.5
1
1.5
2
2.5
0 20 40 60 80 100 120 140 160
O
u
tp
u
t 
p
o
w
e
r 
(W
)
Input power (W)
 110  Shotaro Kitajima –May 2019 
world's first mode-locking operation using Yb:CaF2 based ceramics and got results of 191 
fs and 300 mW.  
In conclusion, our Yb:CaF2-LaF3 ceramic is promising because it may be able to solve 
some of the problems on the single crystal, but further improvement of quality is required 
for practical use. Since high-quality and large-diameter single crystal rare-earth doped 
CaF2 is already on the market, it must demonstrate that ceramics have characteristics 
superior to it. One of the possibilities is improvement of mechanical properties, and to 
demonstrate this, we have to make a thin disk with thickness of 300 m or less and 
demonstrate its advantage. Another possibility is the manipulating of thermo-mechanical 
properties by co-doping LaF3. It is speculated that if the properties of this material are 
improved and it becomes possible to use it as a thin-disk laser, it will be a promising light 
source for generating sub-50 fs pulses. 
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 Conclusion and outlook 
7.1 Conclusion 
The main aim of this thesis was to demonstrate the availability of Yb-doped ceramic gain 
media for high power ultrafast thin-disk lasers. To prove this, characterization of material 
properties, continuous wave operation, and mode-locked operation were conducted with 
several attractive Yb-doped ceramic gain media. Along with that, the laser cavity design 
for high power KLM thin-disk laser was studied by using nonlinear ABCD matrix 
calculation and temperature distribution calculation. 
First of all, a unique bonding method between thin disk and heat sink was developed 
and a thin-disk laser head was fabricated with two ceramic materials i.e. Yb:LuAG 
ceramic and Yb:Lu2O3 ceramic. In the CW laser oscillation experiment, 100 W class laser 
oscillations were confirmed with pump density over 5.5 kW/cm2 in both materials. From 
this, it was proved that thin-disks manufactured in our laboratory has sufficient damage 
resistance equivalent to that of commercially available disks with high reproducibility. 
In the mode-locked operation, excellent cavity design and gain medium realized output 
pulses equivalent to state-of-the-art mode-locked thin-disk laser trade-off line. To my best 
of knowledge, the Kerr-lens mode-locked thin-disk laser using ceramic laser gain medium 
was the first demonstration in the world. As a best result, output pulses of 161 fs with 
average output power of 16 W was obtained. This is the second highest average output 
power in the world as a mode-locked laser below 170 fs.  The achieved output pulse 
energy and peak power was 330 nJ and 2.1 MW. The intracavity average power was 
reached to 320 W. The further power scaling is also possible by using geometrical power 
scaling method. In particular, it is shown that the current pulse duration and average 
output power are limited by other optical elements and cavity configuration, and there is 
no problem caused by the ceramic gain medium. 
In the Yb: CaF2-LaF3 ceramic, we confirmed the change of oscillation efficiency and 
optical characteristics depending on the doping concentration in bulk CW oscillation 
experiment. In the CW laser operation the slope efficiency as high as 69.7% was 
demonstrated. The first mode-locking operation with Yb:CaF2 ceramic-based material 
was also demonstrated. However, in the present situation it cannot be said that the quality 
is equivalent to single crystal Yb:CaF2. I pointed out the problems at the present time and 
could show guidelines for quality improvement in the future. 
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7.2 Outlook 
As a future prospect, I describe further improvement of the characteristics of KLM thin-
disk laser. There are two directions here, material and cavity. 
 Material 
In regards to material, it is necessary to firstly evaluate the characteristics which are not 
yet done in this study. Especially for internal scattering loss, exact comparison with single 
crystal will be done in the future. The direction of expansion of the effective gain 
bandwidth using a plurality of materials has been studied [53]. I want to realize this with 
a combined media by ceramic sintering technology, it is possible to realize a gain 
bandwidth expansion with a maintained thermal conductivity. For Yb: CaF2 ceramics, we 
would like to improve the quality of a medium for thin-disk laser by conducting structural 
analysis for improvement of properties and measurement of thermo-mechanical 
properties. 
Thin-disk architecture shows the most value in Yb-doped material due to absence of 
ESA, but partial demonstration is progressing even with Ho and Tm-doped materials 
[152,153]. To have more choices of host material for these ions alternating YAG may 
also improve other wavelength light sources. 
 Cavity 
First, I aim to achieve 100 W-class output powers with sub-100 fs pulse duration by using 
geometrical power scaling by expanding the total cavity length. Moreover, I want to 
verify highly efficient mode-locking without hard aperture by cavity optimized for soft 
aperture mode-locking. A pulse energy scaling using Herriot type multi-pass cell will also 
be carried out. The cavity design for the expansion of the beam diameter on the disk will 
also be examined. 
Another perspective is KLM without Z-shape cavity setup. Almost all KLM lasers, 
especially thin-disk KLM lasers, have been built on the Z-shape cavity so far. This is 
because that such cavity design method is well established due to accumulation of 
knowledge from studies of Ti:sapphire mode-locked lasers. However, thin-disk lasers 
must not comply with such existing architectures, and without Z-shape cavity may afford 
further improvement of lasers. For example, if it becomes possible to design without 
inserting KM at the focusing point, there will be no restriction on peak power due to 
damage on KM. Furthermore, my results suggested the possibility of KLM thin-disk laser 
by pure soft aperture. By optimizing the cavity design for the soft aperture, it may be 
possible to achieve mode-locking without slit or pinhole, which lead a further 
improvement of laser efficiency. 
 
In addition, I would like to evaluate the resistance of high pulse energy operation in 
regenerative amplifier experiment using our ceramic thin-disk gain media. And hopefully 
ceramic thin-disk laser medium will be widely used in the world. 
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